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1.0  INTRODUCTION  AND  PROGRESS  SUMMARY 

High  permittivity  ferroelectric  materials  such  as  the  tungsten  bronzes 
and  perovskites  have  shown  substantial  promise  for  the  manipulation  of  interac¬ 
tions  involving  electric  fields  at  frequencies  from  dc  to  the  infrared.  In  the 
last  few  years,  interest  has  grown  in  millimeter  wave  applications  for  communi¬ 
cations  and  target-seeking  radars,  and  there  has  developed  a  need  to  character¬ 
ize  the  linear  and  nonlinear  dielectric  properties  of  ferroelectrics  in  this  new 
frequency  range. 

The  research  effort  reported  on  herein  is  part  of  a  long-range  program 
whose  objective  is  to  determine  the  range  of  dielectric  properties  attainable  at 
millimeter  wave  frequencies  in  various  classes  of  high  permittivity  ferroelec¬ 
trics,  and  to  relate  these  properties  to  fundamental  crystal  characteristics. 
This  work  involves  the  preparation  of  new  ferroelectrics  in  single  crystal  and 
ceramic  form,  characterization  of  their  crystal  structure  and  low  frequency 
dielectric  response,  and  measurement  of  both  linear  and  nonlinear  dielectric 
properties  at  millimeter  wave  frequencies. 

Much  of  the  early  effort  in  this  program  was  devoted  to  single  crystal 
strontium  barium  niobate  (SBN),  a  tunsten  bronze  with  unusually  large  room- 
temperature  dielectric  response.  More  recently,  other  tungsten  bronzes  such  as 
potassium  lithium  niobate  (KIN)  and  barium  strontium  potassium  sodium  niobate 
(BSKNN)  have  been  prepared  and  studied  to  elucidate  the  role  of  unfilled  cry¬ 
stallographic  sites  in  Influencing  dielectric  loss.  Currently,  we  are  develop¬ 
ing  preparation  techniques  for  an  unusual  bronze,  lead  barium  niobate  (PBN), 
which  should  exhibit  exceptionally  large  nonlinear  electrical  and  optical  re¬ 
sponse  for  a  Pb:Ba  ratio  of  60:40,  where  It  undergoes  a  transition  from  tetrago¬ 
nal  to  orthorhombic  form. 

Millimeter  wave  characterization  of  these  materials  has  revealed  two 
related,  but  unexpected,  features:  the  polar  axis  permittivity  at  room  tempera¬ 
ture  shows  large  dispersion,  and  the  polar  axis  dielectric  loss  Is  very  large, 
with  tan  6  approaching  unity  In  some  cases.  The  frequency  dependence  does  not 
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fit  a  classic  relaxor  or  softmode  form,  even  allowing  for  a  frequency  dependent 
relaxation  rate. 

Following  up  an  observation  due  to  Fetterman,*  we  have  recently  begun  a 
study  of  low-temperature  effects  on  the  dielectric  properties  of  these  materi¬ 
als.  Cooling  to  liquid  nitrogen  temperature  is  found  to  drastically  reduce  the 
loss  along  the  polar  axis  in  both  SBN  and  BSKNN.  This  strongly  implicates 
phonon  population  as  a  controlling  factor  in  the  room-temperature  loss.  How¬ 
ever,  dielectric  properties  perpendicular  to  the  polar  axis  are  only  marginally 
affected.  There  are  other  unusual  features  of  the  temperature  dependence  which, 
taken  together,  indicate  that  a  suitable  explanation  for  the  observed  properties 
will  be  difficult  to  construct.  It  is  our  present  view  that  a  systematic  study 
of  these  features  will  allow  many  of  the  underlying  mechanisms  controlling  the 
t  microwave  dielectric  response  to  be  identified. 
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2.0  MILLIMETER  WAVE  APPLICATIONS 

The  inherent  advantages  of  millimeter  wave  radar  systems  in  terms  of 
all-weather  capability  when  compared  to  infrared  and  optical  sensors,  and  re¬ 
duced  weight  and  size  when  compared  to  conventional  microwave  radars,  have  led 
to  increased  emphasis  by  defense  agencies  on  the  development  of  millimeter  wave 
seekers  for  a  broad  spectrum  of  major  weapons  systems.  Device  requirements  for 
such  radar  systems  were  recently  identified  at  an  ARO-sponsored  workshop  on 
Short  Millimeter  Wave  Non-Reciprocal  Materials  and  Devices.  It  was  concluded 
that  while  considerable  advances  have  been  made  in  the  areas  of  sources  of  radi¬ 
ation,  mixers,  detectors,  and  receivers,  there  is  a  lack  of  comparable  progress 
in  the  areas  of  components  such  as  reciprocal  and  non-reciprocal  devices  (e.g., 
phase  shifters,  isolators,  and  circulators)  and  electronic-scanning  antennas. 

It  was  recognized  that  new  device  concepts  should  be  explored,  and  better 
materials  developed  (ferroelectric,  ferrimagnetic ,  and  semiconducting)  to 
support  these  concepts. 

One  concept  which  we  have  been  investigating  is  phase  shifting  by  means 
of  the  large  nonlinear  susceptibility  of  ferroelectric  materials.  Sensitivities 
(dn/dE)  of  the  millimeter  wave  refractive  index  approaching  10"4  meters/volt  are 
predicted  for  simple  proper  ferroelectrics  from  Devonshire  models  for  the 
dielectric  properties.  Such  materials  can  be  used  either  as  single  discrete 
phase-shifting  components  in  waveguides  or  as  planar  dielectric  lenses.  In  the 
latter  case,  linear  variation  of  the  applied  electric  field  across  the  lens  will 
produce  a  uniform  deflection  of  the  millimeter  wave  beam  passing  through  the 
lens,  permitting  electronic  scanning  of  the  beam.  In  either  case,  losses  in 
passing  through  the  phase-shifting  material  must  be  kept  low  (~  1  dB)  and  the 
magnitude  of  applied  voltages  should  fall  within  an  accessible  range  for  small, 
lightweight  systems. 
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3.0  CURRENT  PROGRESS 

3.1  Single  Crystal  Growth  of  SBN 

The  system  Srj_xBaxNb20g  (SBN)  is  a  tetragonal  tungsten  bronze  with  a 
point  group  symmetry  4  mm.  We  have  been  extensively  involved  in  the  development 
of  the  Czochralski  crystal  growth  technology  for  this  important  bronze  for 
several  years  with  excellent  success  in  the  growth  of  large  diameter  (1-2  cm) 
crystals.  Recently  the  growth  technology  has  undergone  some  modification  in 
order  to  improve  overall  crystal  quality,  particulary  with  regard  to  optical 
defects  and  striations.  Since  SBN:60  is  reported  to  be  the  only  congruent  melt¬ 
ing  composition  in  SrNb206-BaNb205  system,2  the  current  effort,  under  DARPA  con¬ 
tract,  has  mainly  concentrated  on  this  composition. 

It  is  now  well  established  that  there  are  several  factors  that  influ¬ 
ence  the  quality  and  size  of  bronze  crystals.  The  present  improvements  in  SBN 
crystal  quality  and  size  have  resulted  from  the  following  changes  in  the  growth 
technique: 

•  Use  of  higher  purity  starting  materials  to  eliminate  striations 
caused  by  impurity  ions,  i.e.,  Ca2+  and  Na+. 

•  Eliminated  the  use  of  iridium  crucible:  no  iridium  contamination. 

•  Established  pulling  and  rotation  rates  for  SBN:60  crystals. 

•  Effectively  implemented  an  automatic  diameter  control  (ADC)  system 
to  minimize  temperature  instability  during  growth. 

The  adaptation  of  the  ADC  system  is  the  most  recent  modification  of  our 
Czochralski  growth  technology.  The  need  for  automativc  diameter  control  in 
growing  SBN  single  crystals  arises  mainly  from  the  poor  thermal  conductivity  of 
the  material,  which  causes  great  difficulty  in  maintaining  a  fixed  crystal  diam¬ 
eter  by  set-point  programming  of  the  furnace  power.  It  has  been  noticed  that 
small  changes  on  the  order  of  ±  1°  to  2°  in  the  thermal  environment  near  the 
growing  Interface  tend  to  continually  upset  the  steady-state  heat  flow  through 
the  crystal,  either  Increasing  it  to  cause  crystal  widening  or  decreasing  it  to 
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cause  crystal  narrowing.  Uniform  crystal  diameter  implies  unchanging  melt  tem¬ 
perature  near  the  interface,  a  necessary  and  important  ingredient  for  producing 
homogeneous,  striae-free  crystals. 

A  crucible-weighing  ADC  system  has  been  installed  for  this  task,  since 
the  technology  is  well  established  and  good  equipment  is  commercially  available. 
The  ADC  system  has  been  modified  in  the  current  arrangement,  with  some  furnace 
redesign  necessary  and  electronically  matched  to  the  growth  furn?-e  thermal  time 
constant  to  achieve  the  smoothest  possible  changes  in  furnace  f  _-r  in  order  to 
hold  the  growth  interface  conditions  as  steady  as  possible.  Ti  has  been 
accomplished  over  a  period  of  many  experiments. 

SBN:60  crystals  grown  using  the  automatic  diameter  con  ,  system  are 
exceptionally  uniform  with  optical  striations  being  greatly  minimized  or  totally 
absent.  As  shown  in  Fig.  1,  the  striae  pattern  of  SBN:60  crystals  sectioned  and 
polished  parallel  to  the  growth  axis  [001]  clearly  show  that  the  growth  under 
rapidly  changing  thermal  conditions  (left)  contains  strong  striae,  then  a  tran¬ 
sition  zone  occurs  (center)  as  the  crystal  begins  to  achieve  constant  diameter. 
In  this  section,  striae  tend  to  be  weak.  ADC  is  engaged  during  at  this  point 
and,  as  growth  continues,  the  system  settles  down  to  constant  diameter  growth 
with  striae  absent,  or  nearly  so  (extreme  right).  This  is  a  significant  accom¬ 
plishment,  and  it  shows  that  the  ADC  system  can  be  effectively  used  to  maintain 
uniform  crystal  diameter  and  thereby  reduce  or  eliminate  striations  and  other 
crystal  defects. 

Doped  SBN:60  single  crystals,  e.g.,  Ce^+  and  Fe^+,  have  also  been  grown 
with  some  success,  and  although  the  addition  of  dopants  requies  some  alteration 
of  the  growth  parameters,  it  does  not  appear  to  cause  any  serious  or  insurmount 
able  degradation  of  crystal  quality.  Figure  2  shows  the  low  frequency  (10  kHz) 
dielectric  behavior  as  a  function  of  temperature  for  an  Fe^+-doped  $BN:60  c-axis 
crystal.  The  general  behavior  is  quite  good  and  comparable  to  undoped  material, 
but  with  a  lower  value  for  e  at  the  Curie  point.  The  lower  value  for  Tc  of  53°C 
vs  72°C  for  undoped  SBN:60  results  in  a  significantly  higher  value  for  the  low 
frequency  dielectric  constant  at  room  temperature,  being  3000  for  £33  after 
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S8N.60  CRYSTAL  GROWTH  WITHOUT  S8N:60  CRYSTAL  GROWTH  WITH  ADC  SBN:60  CRYSTAL  GROWTH  WITH  ADC 
ADC  SYSTEM  SYSTEM  (UNSTABLE  CONDITIONS)  SYSTEM  AFTER  ESTABLISH 

CONDITIONS 


Fig.  1  Striation  patterns  for  SBN:60  single  crystals  with  and  without  ADC. 


single  crystal  (c-axis). 
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8  kV/cm  poling  using  the  field-cooling  method.  Dielectric  values  along  the  a- 
axis  are  much  lower,  typically  470  at  room  temperature  and  unaffected  by  poling. 
Dielectric  losses  (tan  6)  are  0.004-0.007  for  all  three  crystallographic  axes 
over  the  range  of  100  Hz  -  100  kHz,  and  are  comparable  to  values  for  undoped 
SBN-.60. 

Similarly  good  results  have  been  achieved  with  Ce3+-doped  SBN:60, 
albeit  with  a  lower  c-axis  dielectric  constant  of  940  at  room  temperature.  The 
addition  of  Ce3+  did  not  show  any  significant  change  in  Tc  over  undoped 
material.  Both  Fe3+  and  Ce3+-doped  SBN  crystals  will  continue  to  be  developed 
in  order  to  achieve  greater  size,  uniformity,  and  optical  quality. 

3.2  PBN  Development 

Our  initial  work  on  the  tungsten  bronze  Pbi-xBaxNb206  (PBN)  has  shown 
this  material  to  be  very  promising  for  a  number  of  applications,  including  pie¬ 
zoelectric,  electro-optic,  nonlinear  optic,  and  acousto-optic  device  applica¬ 
tions.  This  solid  solution  system  possesses  both  orthorhombic  and  tetragonal 
forms,  with  a  morphotropic  phase  boundary  occurring  at  x  =  0.37.  The  phase  dia¬ 
gram  for  this  system  as  a  function  of  Ba2+  content  has  been  established  based  on 
our  previous  work  on  ceramic  and  single  crystal  samples  of  this  material,  and  is 
shown  in  Fig.  3.  Concurrent  theoretical  modeling  has  shown  an  enhancement  of 
the  ferroelectric  properties  of  PBN  near  the  morphotropic  phase  boundary  between 
the  ferroelectric  orthorhombic  (mm2)  and  ferroelectric  tetragonal  (4  mm)  struc¬ 
tures  near  the  composition  PbQ  gBap  ^NbgOg.3  This  has  been  experimentally  veri¬ 
fied  using  small  single  crytals  grown  by  the  Czochralski  technique. 

Although  we  have  been  able  to  grow  small  to  medium  sized  single  cry¬ 
stals  of  PBN,  growth  is  generally  difficult  for  a  number  of  reasons.  These  in¬ 
clude  loss  of  lead  (Pb2+)  due  to  its  high  volatility  at  the  melt  temperature, 
compositional  gradients  in  the  grown  crystals,  and  crytal  cracking  when  cycling 
through  the  paraelectric-ferroelectric  phase  transition  temperature.  The  alter¬ 
native  approach  to  this  problem  is  the  development  of  the  hot-pressing  technique 
which  is  now  routinely  used  for  perovskite  PLZT  and  other  compositions.^"® 
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Fig.  3  Phase  diagram  for  the  bronze  system  Pbj_xBaxNb^0^. 

Recently  Yokosuka7  and  Nagata  and  Okazaki8  investigated  the  ferroelectric  and 
optical  properties  of  hot-pressed  ceramic  PBN,  and  their  results  are  very  en¬ 
couraging.  Because  of  the  lower  growth  temperatures  (~  1300°C)  necessary  for 
hot-pressed  fabrication  of  PBN,  the  problems  of  lead  loss  are  significantly 
reduced  under  these  conditions.  Furthermore,  the  addition  of  small  amounts  of 
La  in  the  form  (Pbi_xBaxh-3y/2*-ayf'*b2<76  (pBLN(l-x/x/y))  has  been  found  to 
significantly  enhance  the  transparency  and  optical  quality  of  the  material,8 
while  also  reducing  the  Curie  temperature  from  that  of  unmodified  PBN. 

Published  data  for  the  linear  and  quadratic  electro-optic  coefficients,  rc  and 
Rc,  for  hot-pressed  PBLN  are  shown  in  Table  1,  and  are  seen  to  be  quite  high  for 
several  compositions. 

Hot-pressing  has  been  used  effectively  for  ferroelectric  ceramic  re¬ 
search  and  development  technology  since  materials  can  easily  be  fabricated  in  a 
variety  of  sizes  and  shapes  with  good  cmpositional  control.  Based  on  the 
studies  by  Land  and  Haertling,^*6  the  technique  has  proven  to  be  successful  for 
the  densificatlon  of  the  perovskite  PLZT  compositions.  Furthermore,  it  is 
Interesting  to  note  that  the  electro-optic  as  well  as  pyroelectric  properties 
are  Improved  to  a  degree  such  that  electro-optic  devices  including  displays, 
optical  shutters,  spectral  filters  and  memories,  several  pyroelectric  devices, 
and  millimeter  wave  devices  now  appear  feasible  using  ceramic  materials. 
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Table  1 

Electro-Optic  Properties  of  La-Modified  PBN  Dense  Ceramics 


Composition* 

rc 

(10“10  m/V) 

Rc 

(10“16  m2/V2) 

60/40/2 

4.42 

- 

60/40/3 

7.45 

- 

60/40/4 

6.66 

- 

70/30/2 

1.72 

- 

60/40/8 

- 

2.09 

60/40/10 

- 

1.16 

70/30/8 

- 

1.58 

Our  initial  hot-pressed  growths  of  La-modified  pbo.60Ba0.40Nb2°6  have 
been  highly  successful.  These  growths  have  been  made  using  graphite  die  sets  in 
an  N2  atmosphere  with  a  uniaxial  pressure  of  3000-4000  psi  at  1240-1290°C.  The 
resulting  1-2  in.  diameter  disks  are  generally  crack-free  and  mechanically 
very  strong.  Subsequent  to  densification,  sample  slices  are  oxidized  at  1000  - 
1100°C  for  up  to  several  hours,  resulting  in  white  to  cream  colored,  translucent 
material . 

The  incorporation  of  La  as  (pbo.60Ba0.4oh-3/y/2LayNb2°6  (PBLN)  results 
in  an  improvement  in  the  optical  quality  of  PBN  based  on  Japanese  work.7’8  To 
date,  the  use  of  La  in  our  PBN  ceramics  has  been  limited  to  2%  incorporation  in 
order  to  examine  the  initial  effects  of  La-modified  PBN  in  comparison  with 
unmodified  material.  Hence,  the  improvement  in  optical  transmission  is  small  in 
comparison  with  anticipated  results  for  La  modifications  in  the  5-8%  range.8 
Aside  from  the  improvement  in  the  optical  quality.  La  modification  has  three 
significant  effects  on  the  dielectric  properties  and  growth  of  PBN.  First,  the 
Curie  temperature  Is  reduced  in  comparison  with  unmodified  material.  Second, 
the  dielectric  constant  at  the  Curie  point  is  also  reduced  to  some  extent, 
although  the  amount  of  reduction  has  not  been  quantitatively  established  with 
confidence  due  to  variables  in  processing.  Finally,  the  Incorporation  of  La  in 


9 

C5988A/jbs 


Rockwell  International 

Science  Center 


SC5345.4AR 

P8N  significantly  reduces  the  loss  of  Pb^+  during  hot-pressed  densification  by  a 
factor  of  3  or  more.  This  result  is  consistent  with  our  observations  of  weight 
loss  in  the  tungsten  bronze  ceramic  pbi-2xKxLaxNb2®6  dur1n9  sintering,9  and  sug¬ 
gests  the  possibility  of  modifying  PBN  with  small  amounts  of  K  +  La  as  a  means 
of  reducing  Pb^+  loss  while  providing  some  flexibility  in  control  over  the  die¬ 
lectric  properties. 

The  work  by  Nagata  et  al®  on  PBLN  has  shown  that  grain  orientation  is 
possible  in  hot-pressed  dense  ceramic  growths  of  this  material.  This  is  con¬ 
firmed  in  our  own  work,  in  which  dielectric  anisotropies  greater  than  1.5:1  have 
been  observed  for  directions  perpendicular  and  parallel  to  the  pressing  direc¬ 
tion  for  tetragonal  PBLN  (60/40/2).  A  summary  of  the  dielectric  data  for  one 
such  growth  is  given  in  Table  2.  Since  the  substitution  of  Ba  for  Pb  in  PbNb206 
first  decreases  the  orthorhombic  distortion  and  then  induces  a  tetragonal  struc¬ 
ture  with  the  polar  axis  along  the  c-axis  rather  than  the  orthorhombic  b-axis, 
these  results  support  the  conclusion  that  the  c-axis  is  oriented  perpendicular 
to  the  uniaxial  hot-pressing  direction.  This  is  further  supported  by  the  fact 
that  melted  powders  of  other  tetragonal  bronzes  such  as  SBN  tend  to  recrystal¬ 
lize  ’nto  needle-shaped  grains  oriented  along  the  c-axis. 


Table  2 

Dielectric  Properties  of  Hot-Pressed  PBLN  (60/40/2) 


Recently  we  began  an  investigation  of  the  ferroelectric  properties  in 
the  general  ternary  phase  system  Pb0-Ba0-Nb205  using  sintered  ceramic  samples. 
This  on-going  research  has  revealed  a  number  of  interesting  features  of  this 
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system,  and  so  far  indicates  that  the  dielectric  properties  are  maximized  along 
the  pseudo-binary  join  PbNb^Og-Baf^Og  at  the  morphotroplc  boundary  between  the 
orthorhombic  and  tetragonal  structures.  Using  near-morphotropic 
pb0.60Ba0.40Nb2®6  as  tbe  reference  composition,  we  investigated  the  dielectric 
and  structural  properties  of  Pb^ag^NfagOg,  0.5  >  *  >  1.0,  using  normally 
pressed  and  sintered  samples.  Figure  4  shows  that  the  dielectric  constant  at 
the  Curie  point  attains  a  maximum  at  an  as-prepared  value  of  x  ■  0.65;  when  the 
nominal  10%  loss  of  PbO  during  sintering  is  taken  into  account,  the  maximum  is 
seen  to  occur  at  virtually  the  stoichiometric  Pbo.60Ba0.4QNb2ty>  composition. 


SC 8 3  ?«303 


100  90  80  70  60  SO 

X  (MOLE  %) 


Fig.  4  Dielectric  propertls  and  Curie  temperature  as  a  function  of  Pb2+ 
content  for  PbxBags4Nb20g. 

These  initial  results  on  grain-oriented,  hot -pressed  dense  ceramic  PBLN 
are  highly  encouraging,  and  point  the  way  toward  further  development  of  this 
material.  Clearly  It  would  be  preferable  to  perform  hot-pressed  densification 
of  this  oxide  ferroelectric  In  an  oxidizing  atmosphere  rather  than  in  the  inert 
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N2  atmosphere  required  by  the  present  graphite  die  sets.  However,  this  may 
prove  to  be  a  disadvantage  in  certain  cases,  as  there  is  some  evidence  which 
suggests  that  the  degree  of  oxidation  may  affect  the  dielectric  properties  of 
PBN/PBLN,  specifically  the  location  of  the  Curie  point  and  the  magnitude  of 
dielectric  losses.  The  effects  of  sintering  temperature,  uniaxial  pressure,  and 
cooling  rate  on  the  ionic  site  preference  between  the  12-  and  15-fold  coordi¬ 
nated  lattice  sites  has  a  strong  influence  on  the  Curie  temperature  Tc  and  the 
dielectric  properties,  and  to  date  these  effects  are  only  partially  identified. 
Future  work  on  La-modified  PBN  will  focus  on  improvements  in  the  hot-pressing 
technique  in  order  to  optimize  the  dielectric  properties  of  this  bronze  system. 

3.3  Single  Crystal  Growth  of  BSKNN  and  KLN 

Growth  of  the  “stuffed"  bronze  Ba2-xSrxKl-yNayNb5°15  (BSKNN)  has  con¬ 
tinued  with  the  composition  Baj ,2Sr0.8K0.75Na0.25Nb5®15  us,in9  the  Czochralski 
technique.  This  particular  compositon  is  congruent  melting  and  has  shown  parti¬ 
cularly  interesting  potential  for  photoref racti ve  applications  as  well  as  for 
millimeter  wave  device  research.  Crystals  have  been  grown  from  platinum  cruci¬ 
bles  at  1480°C  in  an  oxygen  ambient,  and  recently  we  have  been  able  to  grow  a 
1.2  x  1.2  cm  square  cross-section  boule,  the  largest  to  date. 

The  basic  problem  confronting  Czochralski  single  crystal  growth  of 
BSKNN  is  one  of  bulk  fracture  during  cooldown  arising  from  induced  crystal 
strain  during  growth.  Automatic  diameter  control  (ADC)  is  now  being  used  to 
minimize  this  problem,  but  its  use  has  been  restricted  to  smaller  boules  on  the 
order  of  0.5  cm^.  Extensive  modification  of  the  crystal  growth  unit  is  now 
being  implemented  in  order  to  reduce  the  temperature  gradients  even  further  and 
eliminate  the  fracture  problem  encountered  with  larger  crystals. 

Because  of  the  need  to  investigate  and  better  understand  the  millimeter 
wave  dielectric  properties  of  the  tungsten  bronzes,  specifically  the  dielectric 
losses  as  a  function  of  temperature,  another  large  unit  cell  bronze,  K^L^Nb^O^ 
(KLN),  has  been  selected  for  investigation.  KLN  is  the  largest  unit  cell  bronze 
grown  to  date  (a,  b  =  12.585A,  c  =  4.015A)  and  is  potentially  interesting  in 
comparison  with  the  dielectric  properties  of  BSKNN  and  smaller  unit  cell  bronzes 
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such  as  SBN.  Single  crystals  of  KLN  have  been  successfully  grown  by  the 
Czochralski  technique  in  work  performed  under  AFOSR  sponsorship.^1-1  In  the 
course  of  this  study,  it  was  clearly  observed  that  the  rate  of  crystal  1 ization 
along  the  c-axis  was  much  faster  than  those  along  any  other  directions;  the 
crystals,  however,  cracked  when  grown  along  the  c-axis.  This  cracking  problem 
was  nearly  eliminated  when  the  crystals  were  grown  along  the  a-axis  and  such 
crystals  were  of  excellent  quality,  with  diameters  of  up  to  0.5  -  0.7  cm 
(Fig.  5).  Considerable  work  has  been  done  on  the  Czochralski  growth  technique 
in  order  to  obtain  larger  diameter  (>  1  cm),  crack-free  KLN  crystals;  however, 
to  date  no  such  crystals  have  been  grown  without  considerable  fracture. 


SCSI  -15568 


Fig.  5  Single  crystal  KLN  grown  along  the  a-axis  by 
the  Czochralski  technique. 
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Because  of  the  difficulty  in  growing  adequate  size  KLN  single  crystals 
for  millimeter  wave  characterization,  we  have  produced  cold-pressed  sintered 
ceramics  for  this  purpose.  Figure  6  shows  the  dielectric  constant  as  a  function 
of  temperature  for  ceramic  KLN  which  was  fired  at  1045 °C.  This  material  has  a 
very  high  Curie  temperature  of  534°C  and  a  relatively  low  room  temperature  die¬ 
lectric  constant  of  91,  characteristics  which  are  typical  of  large  unit  cell 
bronzes.  The  low  frequency  (100  Hz  -  100  kHz)  losses  are  low,  being  0.007  -  0.008 
over  this  frequency  range.  BSKNN  ceramic  material  has  also  been  prepared  for 
direct  comparison  with  KLN  samples  at  millimeter  wave  frequencies,  and  typical 
low  frequency  dielectric  data  for  the  ceramic  composition  Baj .^Sro^KQ^NaQ^Nb^O^ 
is  also  shown  in  Fig.  6.  Although  ceramic  BSKNN  has  a  much  lower  Curie  point 
(234°C),  the  room  temperature  dielectric  value  is  seen  to  be  comparable  to  that 
for  ceramic  KLN.  The  millimeter  wave  properties  of  these  ceramics  are  discussed 
in  the  next  section. 


ii  m 


Fig.  6  10  kHz  dielctric  behavior  of  cleramic  KLN. 
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3.4  Transmission  Electron  Microscopy  of  SBN  Crystals 

Single  crystals  of  SBN  commonly  contain  striations  which  can  be  ob¬ 
served  in  the  (001)  plane  using  polarized  light  microscopy.  It  is  only  recently 
that  striation-free,  high  quality  SBN:60  single  crystals  have  been  grown  by  the 
Czochralski  techniuqe  using  automatic  diameter  control  to  minimize  temperature 
gradients.  Still,  the  presence  of  striations  remains  as  a  problem  for  other  SBN 
compositions,  as  well  as  for  other  bronzes  such  as  BSKNN.  In  order  to  determine 
if  these  optical  defects  are  associated  with  physical  phenomena  such  as  stacking 
faults,  twins  or  dislocations  which  might  give  rise  to  poor  millimeter  wave 
dielectric  behavior,  transmissions  electron  microscopy  (TEM)  was  initiated  on 
several  SBN:60  crystals  with  a  relatively  high  density  of  striations. 

For  the  TEM  examinations,  thin  sections  were  cut  parallel  to  the 
c-axis,  and  were  thinned  to  about  50  pm  using  wet-lapped  silicon  carbide  papers 
and  then  mounted  on  a  copper  support  grid.  Before  the  final  thinning  of  the 
specimens,  they  were  examined  using  a  polarized  light  microscope  to  confirm  that 
striations  were  still  present  in  the  area  of  crystal  to  be  studied.  The  sec¬ 
tions  were  then  thinned  to  electron  transparency  by  argon  ion  milling  and  coated 
with  carbon  to  prevent  charging. 

The  thinned  specimens  were  carefully  examined  at  several  different  mag¬ 
nifications.  At  low  magnification  there  was  some  evidence  of  preferential  thin¬ 
ning  of  the  crystals  but  the  thinning  showed  no  correlation  with  the  striation 
pattern  observed  by  optical  microscopy.  Tilting  of  areas  of  the  specimen 
through  several  different  diffracting  conditions  was  used  to  scan  for  crystal¬ 
lographic  features,  such  as  faults  and  disloations,  that  might  be  associated 
with  striations.  However,  no  such  crystallographic  defects  were  observed.  The 
only  significant  features  which  could  be  observed  in  the  crytals  were  a  high 
density  of  microstriations  which  ran  parallel  to  the  [001]  direction,  as  is 
shown  In  Fig.  7.  Since  the  striations  observed  by  optical  microscopy  are  much 
more  coarse  and  are  orthogonal  to  the  microstriations  observed  by  TEM,  it  is 
unlikely  that  the  two  forms  of  striae  are  associated  with  each  other.  Further¬ 
more,  the  microstriations  were  observed  to  fluctuate  under  the  TEM  beam  and 
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Fig.  7  Micro-ferroelectric  domains  in  an  SBN:60 
single  crystal  observed  by  TEM. 


would  disappear  altogether  as  the  crystal  heated  up  to  the  Curie  temperature. 
This  fact  suggests  that  the  observed  contrast  is  due  to  ferroelectric  micro¬ 
domain  walls. 

At  present  we  are  attempting  to  develop  techniques  which  will  permit  us 
to  examine  thin  sections  of  poled  SBN  crystals  using  TEM.  The  major  problem 
associated  with  this  is  the  relatively  low  Curie  temperature  for  SBN:60  (72°C), 
making  partial  or  complete  depolarization  of  the  material  likely  with  normal 
thinning  procedures.  Depolarization  problems  associated  with  TEM  beam  heating 
of  the  specimen  can  be  alleviated  with  lower  beam  currents,  complete  carbon 
coating  of  both  sides  of  the  specimen  for  good  thermal  conduction  to  the  support 
structure,  and  careful  temperature  monitoring.  Therefore,  with  modified  proc¬ 
essing  procedures,  we  anticipate  being  able  to  observe  the  effects  of  poling  and 
thermal  depolarization  on  the  micro-domain  structure. 
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3.5  Millimeter  Wave  Measurements 

The  most  significant  finding  in  our  recent  measurements  is  the  dis¬ 
covery  that  microwave  dielectric  losses  in  the  tungsten  bronze  ferroelectrics 
are  strongly  temperature  dependent  far  below  their  respective  Curie  points.  The 
polar  axis  loss  tangent  in  SBN:60,  for  instance,  is  found  to  decrease  by  an 
order  of  magnitude  between  room  temperature  and  77K  for  frequencies  between  30 
and  50  GHz.  This  finding  gives  cause  for  renewed  interest  in  ferroelectric 
modulators  and  phase  shifters  for  millimeter  waves  in  applications  where  cooling 
is  possible. 

From  the  viewpoint  of  modeling  the  dielectric  properties,  this  unex¬ 
pected  dependence  provides  a  new  way  to  probe  for  the  underlying  mechanisms.  We 
have  begun  a  systematic  exploration  of  low-temperature  properties  which  shows 
that  both  the  frequency  and  the  orientation  dependence  of  permittivity  and  loss 
are  substanially  affected.  To  date,  results  have  been  obtained  by  waveguide 
transmission  and  reflection  measurements  on  two  tungsten  bronzes  in  single 
crystal  and  ceramic  form.  Preliminary  observations  on  gadolinium  molybdate  and 
PLZT  have  also  been  made,  but  the  work  is  not  sufficiently  complete  to  be 
reported  at  this  time. 

Our  results  on  SBN:60  and  BSKNN  are  summarized  in  Table  3  and  the 
accompanying  figures.  At  liquid  nitrogen  temperature,  one  finds  that  the  polar 
axis  permittivity  has  decreased  by  a  factor  of  two  to  four,  while  the  loss 
tangent  along  this  axis  has  dropped  by  one  or  two  orders  of  magnitude.  Perpen¬ 
dicular  to  the  polar  axis  in  SBN,  both  permittivity  and  loss  (e")  decrease  by 
about  30%.  In  BSKNN  ceramic,  whose  dielectric  properties  are  a  mixture  domi¬ 
nated  by  the  two  orientations  perpendicular  to  the  polar  axis,  e"  drops  about 
40%,  but  remains  about  an  order  of  magnitude  larger  than  the  polar  axis  e”. 

Figure  8  shows  the  effect  of  cooling  on  the  frequency  dependence  of  the 
polar  axis  loss  in  SBN:60  over  the  range  32  to  50  GHz.  At  room  temperature 
(upper  curve)  one  observes  a  roughly  linear  decrease  from  e"  =  127  at  34  GHz  to 
e"  ■  50  at  50  GHz,  while  at  77K  (lower  curve)  one  finds  e"  =  5,  independent  of 
frequency.  For  the  same  sample,  the  polar  axis  permittivity  shows  little 
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Table  3 

Measured  Millimeter  Wave  Dielectric  Properties  of 
Various  Single  Crystal  and  Ceramic  Bronzes 


e' 

e" 

tan  6 

SBN  (60/40)  c-axis  (30  -  50  GHz) 

Room  temperature 

120  -  250 

50  -  150 

0.3  -  1.0 

ln2 

50  -  70 

2-8 

0.04  -  0.10 

SBN  (60/40)  a-axis  (45  GHz) 

Room  temperature 

166 

49 

0.30 

ln2 

116 

33 

0.28 

BSKNN  c-axis  (30  -  50  GHz) 

Room  temperature 

60 

8.4 

0.15 

ln2 

29 

1.1 

0.04 

BSKNN  Ceramic  (45  GHz) 

Room  temperature 

275 

64 

0.23 

ln2 

236 

37 

0.16 

3> 


32.5  35.0  17.5  40.0  42.5  45.0  4?. 5  50.0 

FPECLENO 


Fig.  8  Millimeter  wave  dielectric  loss  for  c-axis  SBN:60. 
Upper  curve  -  room  temperature;  lower  curve  -  77K. 
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5BN  C-RXI5 


32.5  35.0  37.5  40.0  42.5  45.0  47.5  50.0 

FBEafNO  COO 


Fig.  9  Millimeter  wave  permittivity  for  c-axis  SBN:60. 

Upper  curve  -  room  temperature;  lower  curve  -  77K. 


dispersion  at  room  temperature  (Fig.  9,  upper  curve)  with  e"  =  100  over  the 
whole  frequency  span.  The  low  temperature  behavior  of  the  permittivity,  shown 
in  the  bottom  curve  of  Fig.  9,  displays  a  50%  decrease  from  30  to  50  GHz,  with 
most  of  the  drop  occurring  at  the  low  frequncy  end  of  this  range.  The  form  of 
this  dispersion  is  suggestive  of  a  loss  peak  centered  well  below  30  GHz. 

To  better  characterize  the  transition  to  low  loss  in  SBN:60,  a  second 
sample  was  heated  in  stages  from  196°C  (77K)  to  +50°C,  and  the  polar  axis  per¬ 
mittivity  and  loss  were  determined  at  several  intermediate  temperatures.  The 
most  striking  feature  of  these  observations,  as  shown  in  Fig.  10,  is  the  appear¬ 
ance  of  a  peak  in  e"  around  -50°C.  This  suggests  a  relaxation  process  whose 
characteristic  rate  Is  temperature  sensitive,  and  coincides  with  the  measurement 
frequency  (44  GHz)  at  -50°C.  A  similar  peak  has  been  found  in  SBN  samples  from 
other  growths.  A  repetition  of  these  measurements  at  substantially  higher  and 
lower  frequencies  will  be  required  to  determine  whether  this  rate  is  increasing 
or  decreasing  with  temperature. 
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Fig.  10  Millimeter  wave  dielectric  loss  as  a  function  of 
temperature  for  polar  (c-axis)  SBN:60  at  44  GHz. 

Figure  11  shows  the  temperature  dependence  of  the  polar  axis  permit¬ 
tivity  for  the  same  SBN  sample,  a  monotonic  increase  that  includes  a  slight 
shoulder  near  -50°C.  Comparison  with  the  44  GHz  data  points  in  Fig.  9  reveals 
an  interesting  fact:  although  the  room  temperature  values  of  e"  differ  by  a  fac¬ 
tor  of  two  between  these  samples,  the  liquid  nitrogen  permittivities  are  essen¬ 
tially  equal.  This  behavior,  if  it  is  borne  out  in  other  samples  from  different 
growths,  strongly  suggests  that  the  polar  axis  permittivity  is  the  sum  of  an 
"extrinsic"  susceptibility  that  dies  out  at  low  temperature,  and  a  smaller  "in¬ 
trinsic"  susceptibility  that  is  not  sensitive  to  conditions  of  crystal  growth. 

We  have  also  measured  the  temperature  variations  of  the  complex  polar 
axis  permittivity  in  samples  of  barium  strontium  potassium  sodium  niobate 
(BSKNN).  Figure  12  summarizes  the  results  for  both  e'  and  e".  The  pattern  of 
increasing  susceptibility  with  Increasing  temperature  found  in  SBN  is  also 
evident  here,  but  the  peak  in  the  loss  is  not  seen.  Possibly  such  a  peak  will 
be  found  at  higher  temperature,  corresponding  to  the  higher  Curie  point  of  BSKNN 
(234°C)  as  compared  to  72°C  for  SBN :60. 
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Fig.  11  Millimeter  wave  permittivity  as  a  function  of  temperature 
for  polar  (c-axis)  SBN.-60  at  44  GHz. 
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Fig.  12  Polar  axis  BSKNN  dielectric  properties  as  a  function 
of  temperature  at  44  GHz. 
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Figures  13  and  14  illustrate  the  frequency  dependence  of  the  measured 
power  reflection  and  transmission  coefficients  for  a  0.65  millimeter  thick  sam¬ 
ple  of  BSKNN.  The  reflection  minima  and  transmission  peaks  occur  for  half-wave 
optical  thickness;  they  would  be  unobservable  if  the  loss  tangent  were  near 
unity,  as  it  is  in  SBN.  It  is  worth  noting  that  the  transmission  maximum  at 
-175°C  corresponds  to  less  than  2  dB  insertion  loss,  which  means  that  devices 
such  as  modulators  or  phase  shifters  based  on  cooled  BSKNN  could  compare  favor¬ 
ably  with  existing  ferrite  technology.  A  general  summary  of  the  present 
observations  on  SBN  and  BSKNN  is  given  in  Table  4. 

Table  4 

Summary  of  Millimeter  Wave  Observations 


•  Dielectric  loss  drops  drastically  with  temperature  in  all 
single  crystal  samples  along  polar  axis. 

•  Moderate  decrease  in  dielectric  constant  observed  at  low 
temperatures. 

•  Temperature  effect  minimal  perpendicular  to  polar  axis. 

•  Insertion  loss  less  than  3  dB  for  samples  with  millimeter 
thicknesses . 

•  Qualitative  behavior  suggests  loss  mechanism  due  to 
acoustical  phonons. 
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13  Polar  axis  BSKNN  millimeter  wave  reflection  as  a  function 
of  frequency  and  temperature  (t  =  0.65  mm). 
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Fig.  14  Polar  axis  BSKNN  millimeter  wave  transmission  as  a 
function  of  frequency  and  temperature  (t  ■  0.65  mm). 
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4.0  PROPOSED  WORK 


4.1  Role  of  Dopants  in  SBN  Crystals 

Since  the  general  quality  of  SBN  crystals  has  now  been  substantially 
improved,  it  is  of  interest  to  investigate  the  role  of  dopants  in  this  bronze 
material  as  they  affect  the  millimeter  wave  dielectric  properties,  particularly 
at  room  temperature.  As  discussed  earlier,  both  Ce3+  and  Fe3+  dopants  have  been 
successfully  incorporated  in  SBN:60  single  crystals  grown  by  the  Czochralski 
technique,  albeit  with  some  growth  difficulties  (e.g.,  cracking)  and  a  moderate 
degradation  in  crystal  quality  from  an  optical  standpoint.  In  future  research 
we  plan  to  expand  this  work  in  order  to  grow  larger  and  better  quality  doped 
SBN:60  crystals  under  DARPA  contract  and  to  determine  to  what  extent,  if  any, 
the  presence  of  dopant  ions  modifies  the  dielectric  permittivity  and  losses  at 
millimeter  wave  frequencies. 

There  is  a  definite  parallel  between  the  material  requirements  for 
millimeter  wave  devices  and  those  for  photorefracti ve  and  electro-optic  applica¬ 
tions.  At  optical  frequencies  the  change  in  the  refractive  index  is  given  by 


Ahi  =  7  ni*ri  j  Ej 


where  r  is  the  electro-optic  coefficient  and  E  is  the  electric  field.  For 
photorefrati ve  applications  it  is  desirable  to  improve  both  the  space  charge 
field  E  and  the  electro-optic  r  coefficients  which  are  linearly  related  to  the 
value  of  the  polarization  Ps  and  the  low  frequency  e^j.  Initial  measurements  on 
Fe3+-  and  Ce3+-doped  SBN:60  crystals  have  shown  a  substantial  increase  in  the 
room  temperature  value  for  E33  with  only  minor  changes  in  and  t^z  over 
undoped  material.  Photorefracti ve  measurements  on  Ce-doped  SBN:60  crystals  have 
shown  a  photorefracti ve  sensitivity  of  9.5  *  10“3  cm^/J,  a  value  that  exceeds 
that  of  Fe-doped  liNbC>3  by  more  than  two  orders  of  magnitude.  These  results  are 
significant  and  point  to  areas  of  future  investigation. 
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Based  on  our  crystal  chemistry  work  on  tungsten  bronze  SBN:60  and 
SBN:50  single  crystals  and  ceramics,  the  incorporation  of  3-d  or  4-f  ions  in  the 
lattice  should  be  advantageous  for  both  millimeter  wave  and  optical  device  ap¬ 
plications.  Table  5  shows  several  proposed  dopant  ions  for  this  work  and  their 
lattice  site  preferences.  Since  the  effect  of  these  ions  on  millimeter  wave 
dielectric  losses  is  not  yet  well  established,  it  may  prove  worthwhile  to 
examine  non  3-d  and  4-f  ions  such  as  Ca2+,  W^+,  etc.  as  dopants  in  order  to  gain 
a  better  understanding  of  the  millimeter  wave  dielectric  losses  and  possible 
mechanisms.  A  thorough  understanding  of  dopant  valence  states,  site  preferences 
and  the  effects  of  dopant  concentration  is  fundamental  to  this  work  and  will  be 
explored  in  depth. 


Table  5 

Proposed  Dopants  for  Millimeter  Wave  Studies  in  SBN 


Dopants 

Valence  State 

15-Fold 

Site  Preference  for  the 

Proposed  Dopants 

12-Fold  9-Fold  6-Fold 

Cerium 

Ce3+, 

Ce4+ 

Ce3+ 

Ce3+ 

Ce4+ 

Ce4+ 

Terbium 

Tb3+, 

Tb4+ 

— 

Tb3+ 

Tb4+ 

Tb4+ 

Iron 

Fe3+, 

Fe2+ 

-- 

-- 

Fe2+ 

Fe2+, 

Fe3+ 

Manganese 

Mn2+, 

Mn3+,  Mn4+ 

-- 

— 

Mn2+ 

Mn2+, 

Mn3+ 

Titanium 

Ti4+, 

Ti3+ 

-- 

-- 

-- 

Ti 4+ , 

Ti 3+ 

Molybdenum 

Mo6+, 

Mo4+ 

— 

-- 

-- 

Mo6+, 

Mo4+ 

Niobium 

Nb5+, 

Nb4+ 

— 

— 

— 

Nb5+, 

Nb4+ 

4,2  SBN  Single  Crystal  Development 

To  date,  work  has  focussed  on  the  composition  SrQ^goBag^gNbjOg  in  the 
SBN  system,  since  it  is  this  composition  which  has  been  the  most  extensively 
developed  in  single  crystal  form.  Other  compositions,  however  -  specifically 
SBN:75  and  SBN:50  -  are  also  of  interest  and  may  provide  further  insight  into 
the  millimeter  wave  behavior  of  the  dielectric  properties  as  a  function  of  com- 
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position.  Unlike  SBN:60,  these  two  compositions  are  not  congruent  melting,  and 
hence  they  are  difficult  to  grow  by  the  Czochralski  technique,  with  the  main 
problem  being  one  of  bulk  fracture  during  growth.  Nevertheless,  boules  as  large 
as  1.0  cm  in  diameter  have  been  grown  with  some  crack-free  regions. 

Based  on  the  experience  gained  with  the  implementation  of  automatic 
diameter  control  in  the  growth  of  SBN:60,  the  growth  work  on  SBN : 50  and  SBN:75 
will  be  resumed  with  an  eye  toward  producing  larger  and  better  quality  single 
crystals.  SBN:75  is  particularly  interesting  for  millimeter  wave  and  photore- 
fractive  device  applications  because  of  its  high  room  temperature  dielectric 
constant  at  low  frequencies  and  its  high  electro-optic  coefficient.  A  summary 
of  the  dielectric  and  optical  properties  of  these  bronzes,  and  others,  is  given 
in  Table  6.  It  will  be  interesting  to  observe  what  changes  in  the  millimeter 
wave  dielectric  properties  occur  with  changes  in  SBN  composition  in  order  to 
further  the  understanding  of  the  response  of  bronze  materials  at  these  fre¬ 
quencies,  particularly  with  regard  to  the  mechanisms  behind  the  dielectric 
losses  as  a  function  of  temperature. 


Table  6 


Physical  Properties  of  Various  Ferroelectric  Crystals 


Property 

SBN:75 

SBN: 60 

SBN: 

50 

Li Nb03 

LiTa03 

Point  Group 

4  mm 

4  mm 

4  mm 

R3C 

R3C 

Dielectric  Constant* 

e33  =  3400 

e33  =  500 

e33  = 

450 

e33  =  60 

£33  =  58 

Electro-optic 

1<T12  m/V 

r33  =  1350 
r13  =  ™ 
r51  =  42 

r33  =  420 
r-i  o  =  55** 

r51  =  80 

r33  = 
r13  = 
r51  = 

180 

35 

r33  =  31 
r13  =  9.5 
r51  =  23 

r33  =  30 
r13  =  7*5 
r51  "  20 

Curie  Temperature 

Tc  (°C) 

56 

72 

120 

1150 

660 

*  After  poling 
**  Interpolated 
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4.3  Millimeter  Wave  dn/dE  Measurements 

The  dramatic  decrease  in  millimeter  wave  dielectric  losses  at  low 
temperatures  now  makes  it  imperitive  to  examine  the  value  of  dn/dE  from  liquid 
nitrogen  up  to  and  beyond  room  temperature.  To  date  such  measurements  have  been 
limited  to  a  small  range  near  room  temperature  because  of  contact  loss  and/or 
sample  shifting  in  the  waveguide.  The  present  arrangement  with  a  free-standing 
dielectric  specimen  contacted  by  rigid  contact  probes  at  the  top  and  bottom  is 
inadequate  for  reliable  measurements  over  a  wide  temperature  range  because  of 
the  problems  created  by  waveguide  and  sample  expansion/contraction.  We  are 
presently  considering  the  use  of  a  slightly  recessed  waveguide  flange  which  can 
hold  the  specimen  firmly  in  place  and  permit  more  reliable  contacts,  including 
possibly  wire-bonded,  to  be  used.  We  anticipate  that  this  work  will  be  com¬ 
pleted  well  before  the  end  of  the  next  reporting  period. 
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5.0  SUMMARY  OF  TASKS 

e  The  composition  pbo.6Ba0.4Nb2^6*  wtlich  is  close  to  the  morpho- 
tropic  phase  boundary  in  the  Pb^_xBaxNb20g  system,  will  be  hot 
pressed  to  study  its  high  frequency  dielectric  properties. 

•  Initiate  high  frequency  dielectric  measurement  on  fully  stuffed 
tungsten  bronze  KgL^NbgO]^  ceramic  and  single  crystal  samples. 
This  material  should  exhibit  low  losses  at  high  frequency. 

•  Carry  out  structure  factor  analysis  to  identify  the  site  prefer¬ 
ence  for  various  cations,  specifically  on  the  15-  and  12-fold 
coordinated  sites,  and  their  role  in  improving  the  high  frequency 
dielectric  losses. 

•  Low-temperature  loss  peak:  The  maximum  in  polar  axis  dielectric 
loss  found  near  -50°C  in  SBN:60  will  be  further  explored  to 
determine  its  freequency  dependence  and  variation  with  growth 
conditions.  Measurements  on  BSKNN  will  be  pushed  to  higher 
temperatures  to  look  for  a  similar  loss  peak  in  that  material. 

•  The  apparent  convergence  in  millimeter  wave  permittivity  values 
found  for  different  growth  conditions  of  SBN:60  at  liquid  nitrogen 
temperatures  will  be  investigated  for  a  wider  range  of  SBN 
samples. 

•  The  temperature  dependence  of  millimeter  wave  dielectric  proper¬ 
ties  perpendicular  to  the  polar  axis  will  be  studied  at  tempera¬ 
tures  well  below  77K,  to  determine  whether  the  high  losses  in  SBN 
and  BSKNN  in  this  orientation  will  also  freeze  out. 
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APPENDIX  1 

DIELECTRIC  PROPERTIES  OF  FERROELECTRIC  TUNSTEN  BRONZE 

Ba2-xSrxKl-yNayNb5°15  CRYSTALS  AT  RF  AND 
MILLIMETER  WAVE  FREQUNCIES 

W.W.  Ho,  W.F.  Hall  and  R.R.  Neurgaonkar 
Ferroelectrics,  Vol.  50,  pp  325-330,  1983 


30 

C5988A/jbs 


Rockwell  International 

Science  Center 


DIELECTRIC  PROPERTIES  OF  FERROELECTRIC  TUNGSTEN  BRONZE 

Ba0  Sr  K,  Na  Nb,0, ,  CRYSTALS  AT  RF  AND  MILLIMETER  WAVE 
2-x  x  1-y  y  5  15 

FREQUENCIES 


W.W.  HO,  W.F.  HALL,  AND  R.R.  NEURGAONKAR 

Rockwell  International  Science  Center,  Thousand  Oaks,  CA  91360 


Abstract  Permittivity  and  dielectric  loss  have  been  measured 
for  a  number  of  single  crystal  samples  of  barium  strontium 
potassium  sodium  niobate  (BSKNN)  in  three  frequency  ranges: 

0-1  MHz,  30-40  GHz,  and  90-100  GHz.  This  work  is  part  of  an 
ongoing  study  of  millimeter  wave  properties  of  f erroelectrics 
with  potential  applications  in  active  components  such  as 
phase  shifters,  modulators,  and  switches.  BSKNN  has  been 
selected  as  typifying  one  extreme  in  the  tungsten  bronze 
family,  where  all  15-  and  12-fold  coordinated  cation  sites 
are  occupied.  Measurements  on  these  crystals  show  signifi¬ 
cantly  lower  millimeter  wave  absorption  than  is  found  in 
strontium  barium  niobate  (SBN)  crystals  grown  bv  the  same 
techniques.  The  permittivities  along  the  principal  crystal 
axes  showed  a  substantial  decrease  with  increasing  frequencies 
over  the  range  of  observations,  which  may  be  indicative  of  a 
relaxation  mechanism  occurring  in  the  GHz  frequency  region. 


INTRODUCTION 


The  millimeter  wave  dielectric  properties  of  ferroelectric  materi¬ 
als  are  largely  unexplored.  From  an  experimental  viewpoint,  mea¬ 
surements  were  difficult  due  to  typically  high  dielectric  con¬ 
stants,  while  from  a  theoretical  viewpoint,  it  was  expected  that 
the  low  frequency  properties  could  be  reliably  extrapolated  to  a 
few  hundred  gigahertz,  so  long  as  the  material  was  not  too  close 
to  its  Curie  temperature.  However,  the  need  for  means  to  modulate 
microwave  energy  at  millimeter  wavelengths  has  led  us  to  initiate 
a  detailed  study  of  the  linear  and  nonlinear  susceptibilities  of 
the  available  f erroelectrics,  and  the  results,  in  the  main,  do  not 
fit  within  the  accepted  picture. 
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We  have  taken  as  a  model  system  the  tungsten  bronze  ferroel- 
ectrics,  which  are  known  to  exhibit  very  large  dielectric  suscep¬ 
tibilities  at  both  low  frequency  and  optical  wavelengths.  Growth 
of  these  compounds  in  a  single  crystal  form  is  itself  a  major 
undertaking,  which  has  been  pursued  at  our  laboratory  as  part  of 
a  long-range  effort  to  develop  ferroelectric  materials.  Single 
crystal  materials  examined  to  date  include  strontium  barium  nio- 
bate  (SBN)  ,  strontium  potassium  niobate  (SKN)  ,  and  barium 
strontium  potassium  sodium  niobate  (BSKNN) .  In  addition,  ceramic 
samples  of  various  perovskite  and  tungsten  bronze  f erroelectrics 
have  been  studied. 

The  common  feature  found  in  all  these  systems  at  millimeter 
wave  frequencies  is  a  marked  decrease  in  permittivity  from  its 
low-frequency  value,  accompanied  by  a  large  increase  in  dielectric 
loss.  Because  the  measurement  frequencies  are  so  far  below  any 
intrinsic  crystal  resonances,  including  soft  phonon  modes,  it 
appears  that  this  dispersion  must  be  due  to  defects  or  disorder 
in  the  crystal  structure.  In  part  to  test  this  contention,  BSKNN 
was  chosen  as  typifying  the  most  ordered  structure  among  the 
tungsten  bronzes.  In  this  crystal,  all  15-  and  12-fold  coordinated 
cation  sites  are  occupied. 

MEASUREMENTS  ON  BSKNN 

The  experimental  procedure  used  in  our  laboratory  for  determining 
dielectric  properties  of  high-index  materials  has  been  described 
elsewhere1.  In  the  present  instance,  several  single  crystal  sam¬ 
ples  of  BSKNN  cut  to  fill  the  waveguide  cross-section  were  studied 
from  30-40  GHz  and  from  90-100  GHz.  Power  reflection  and  trans¬ 
mission  coefficients  were  measured  in  each  band  of  frequencies 
and  complex  permittivities  e’+ie"  were  determined  by  fitting  to 
these  measured  values.  Tables  I-IV  summarize  the  results  of  this 
procedure  at  selected  frequencies  in  each  band  for  the  two  polari¬ 
zations  of  the  microwave  electric  field,  namely  parallel  and 
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BSKNN:  MILLIMETER  WAVE  PROPERTIES 


TABLE  I  BSKNN  -  c-axis. 


f,  GHz 

c’ 

e" 

30 

360 

10.9 

33 

300 

16.4 

36 

265 

23.9 

39 

240 

24.9 

TABLE  II  BSKNN  -  a- 

-axis 

• 

Sample  //a 

Sample 

//b 

f,  GHz 

e’ 

e" 

£' 

e" 

33 

275 

49.3 

260 

59.7 

36 

290 

23.5 

285 

25.5 

39 

245 

51.4 

285 

22.6 

TABLE  III  BSKN'N'  -  c-axis. 


f,  GHz 

Sample  t>l 
£’  E" 

Sample  >‘2 
c '  e" 

Sample  If 3 
e'  e" 

Sample  ^<4 
£'  E" 

92 

57 

10.4 

56 

9.95 

52.5 

11.5 

50 

12.7 

94 

54 

11.3 

54 

10,8 

50 

11.2 

50 

12.8 

!  96 

52 

11.2 

52 

10.9 

50 

10.5 

57.5 

13.7 

98 

50 

11.3 

50 

10.9 

55 

10.1 

55 

13.1 

TABLE  IV  BSKNN  -  a- axis. 


Sample  ill  Sample  #3  Sample  #4 

f,  GHz  e’  e"  e'  e"  e'  e" 


92 

47.5 

27.4 

95 

26.7 

28.7 

94 

55 

34.2 

95 

30.0 

108 

34.8 

96 

60 

35.9 

100 

29.2 

100 

36.7 

98 

70 

34.0 

100 

26.1 

100 

35.9 
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perpendicular  to  the  crystal  polar  (c-)  axis. 

In  Table  II,  results  are  given  for  the  perpendicular  permit¬ 
tivity  on  two  samples  cut  from  the  same  boule.  The  sample-to- 
sample  variability  shown  here  is  fairly  typical.  In  the  higher 
frequency  band,  four  samples  were  measured  for  each  polarization 
(results  for  a-axis  sample  // 2  are  omitted  from  Table  IV  for  rea¬ 
sons  discussed  below) .  All  samples  show  substantial  decrease  in 
their  real  permittivity  from  the  values  at  30  GHz,  accompanied  by 
increases  in  the  loss  tangent  tan6=c"/e',  primarily  due  to  the 
decrease  in  e ' . 

The  tit  for  a-axis  sample  //2  between  90  and  100  GHz  did  not 
produce  o  unique  value  for  the  permittivity,  due  to  an  unfortunate 
convergence  of  roots  in  the  expressions  for  the  reflected  and 
transmitted  power.  Values  of  e'  ranging  from  200  to  300  gave 
equally  valid  fits.  Values  for  e"  were  more  grouped,  and  showed 
a  definite  increasing  trend  within  the  band,  ranging  from  about 
30  ±3  at  92  GHz  to  40  ±5  at  98  GHz. 

Preliminary  low-frequency  measurements  on  poled  BSKNN  samples 
showed  room-temperature  permittivities  varying  in  the  range  230  to 
430  along  the  polar  axis.  We  are  currently  investigating  factors 
such  sc  incomplete  poling  which  could  give  rise  to  this  scatter  in 
measured  properties.  Peak  permittivities  near  the  Curie  point 
varied  from  13,000  to  25,000.  Perpendicular  to  the  polar  axis, 
the  permittivity  was  typically  frequency  independent  up  to  1  MHz 
at  values  near  400  and  exhibited  a  slight  (15%)  increase  near  Tc> 

Compared  with  our  earlier  measurements  on  SBN1,  the  high- 
frequency  dielectric  loss  along  the  polar  axis  in  these  BSKNN 
samples  is  much  smaller.  In  the  band  between  30  and  40  GHz,  typi¬ 
cal  values  for  in  SBN  are  40  to  60,  with  tanS^j  near  0.2;  in 

BSKNN,  we  find  to  lie  between  10  and  25,  and  tanS^  ranges 

from  0.03  to  0.1.  Perpendicular  to  the  polar  axis,  BSKNN  tends  to 
show  greater  loss,  comparable  to  similarly  oriented  samples  of 
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BSKNN:  MILLIMETER  WAVE  PROPERTIES 

INTERPRETATION 

The  most  striking  feature  of  the  millimeter  wave  measurements  on 
tungsten  bronze  ferroelectrics  to  date  is  the  high  loss  and  disper¬ 
sion  in  dielectric  properties  compared  with  the  low  frequency 
behavior  of  these  same  materials.  The  Devonshire  model  which  fits 
this  low  frequency  behavior  is  generally  understood  to  reflect  the 
dominance  of  a  single  soft  mode  in  the  dielectric  response;  this 
mode  residing  above  1000  GHz  at  room  temperature  and  moving  into 
the  measurement  range  as  the  Curie  point  is  approached. 

There  is  no  room  in  such  a  model  for  a  rapid  dispersion  in 
the  GHz  range  at  room  temperature.  The  observed  behavior  is  sug¬ 
gestive  of  piezoelectric  resonance,  spread  over  a  broad  frequency 
range  by  a  corresponding  spread  in  the  characteristic  dimension 
of  the  resonating  regions.  Such  regions  might  be  microdomains 
stabilized  by  localized  defects.  However,  one  would  then  expect 
sensitivity  of  the  high-frequency  loss  to  the  details  of  the  poling 
procedure,  and  this  is  not  observed.  Losses  in  poled  and  unpoled 
samples  of  SBN  were  found  to  be  indistinguishable. 

Another  possibility,  which  we  are  only  now  in  the  process  of 
exploring,  is  that  growth  defects  can  themselves  provide  a  strong, 
non-resonant  piezoelectric  coupling  to  heavily  damped  elastic 
waves.  It  has  long  been  known  that  high-frequency  acoustic  waves 
in  soft-mode  ferroelectrics  are  strongly  attenuated3.  If  disloca¬ 
tions  in  the  ferroelectric  produce  large  local  gradients  in  the 
polarization,  the  microwave  electric  field  can  drive  these  dis¬ 
locations  to  produce  acoustic  radiation.  In  the  most  favorable 
case,  the  rate  of  dissipation  by  this  process  can  approach  half 
the  maximum  resonant  loss  in  the  same  volume  of  material. 
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ABSTRACT 

Single  crystals  of  Sr^Nb^O^  (SKN) ,  approximately  5-8  mm  in 
diameter  and  10-20  mm  long,  have  successfully  been  grown  by  the  Czochralski 
technique.  The  crystal  has  ferroelectric  tetragonal  tungsten  bronze  structure 
with  a  curie  temperature  of  about  150° C.  The  dielectric  and  electromechanical 
coupling  constants  for  this  crystal  have  been  established:  the  polar  axis  di¬ 
electric  constant,  K33  exceeds  20,000  at  the  curie  temperature  while  the 

coupling  constants  are  kgg=  0.52  and  kgj  =  0.19,  respectively.  High  frequency 

dielectric  properties  of  SKN  samples  were  also  determined  between  90-100  GHz. 
These  measurements  indicated  that  the  bulk  of  the  polar  axis  permittivity  has 
relaxed  below  90GHz,  implying  that  the  low  frequency  dielectric  response  is 
not  soft-mode  controlled. 
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INTRODUCTION 


The  high  dielectric  permittivities  found  in  many  classes  of 
ferroelectrics  are  variously  ascribed  to  soft  lattice  modes,  Debye 
relaxation,  and  ionic  tunneling.  These  classes  of  materials  offer  in¬ 
teresting  potential  for  device  applications,  and  it  is  therefore  desir¬ 
able  to  explore  the  range  of  properties  which  can  be  achieved  and  to 
establish  the  mechanisms  controlling  these  properties.  In  this  work,  we 
have  developed  growth  techniques  for  the  single  crystal  tungsten  bronze 
strontium  potassium  niobate  (S^KNbgO^)  and  have  characterized  the 
dielectric  peoperties  at  frequencies  up  to  100  GHz.  Electromechanical 
coupling  constants  have  also  been  determined. 


RESULTS  AND  DISCUSSION 

System  SrNbo0£-KNb0, : 

Ferroelectric  alkali-alkaline  earth  niobates  having  tetrogonal 
tungsten  bronze  structure,  e.g.  Sr^KNb^O^  (SKN) ,  show  considerable  promise 
since  they  exhibit  excellent  dielectric  and  optical  properties  (1-3).  The 
cited  SKN  composition  exists  on  the  pseudobinary  SrNb20g-KNb03  system  and 
melts  around  1470° C.  It  is  also  known  that  the  Sr:K  ratio  can  be  changed 
while  still  maintaining  the  tetragonal  tungsten  bronze  structure  even  though 
neither  of  the  end  members  has  this  structure.  Other  examples  of  this  be¬ 
havior  can  be  found  in  the  SrNb20g-BaNb20g  and  BaNb20g-KNb03  (4-7)  and  related 
systems. 

Before  the  single  crystal  growth  of  SKN  was  attempted,  the  phase 
relation  in  the  SrNb20g-KNb03  system  was  reinvestigated  since  there  is  dis¬ 
agreement  between  the  results  reported  by  Scott,  et.  al  (6)  and  Ainger,  et  al 
(8)  on  this  system.  According  to  Scott,  et  al,  the  congruent  melting  compos¬ 
ition  of  77  mole%  is  suitable  for  the  growth  studies,  while  Ainger,  et  al , 
claimed  that  the  potassium  deficient  composition,  K.gSr2  ^Nb^Oj^  (84  mole" 
SrNb20g  )  is  the  congruent  melting  composition.  Although  the  results  of  this 
study  are  not  complete,  it  has  been  shown  that  the  composition  close  to  77 
mole%  (after  Scott,  et  al)  is  suitable  for  the  single  crystal  growth  of  SKN: 
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hence  the  composition  represented  by  formula  75  mole"  Sr^Og  (75  mole:. 
SrNb^Og  +  25  mole%  KNbO^)  has  been  selected  in  the  present  work. 


Bulk  Single  Crystal  Growth  Procedure 

Single  crystals  of  SKN  were  successfully  grown  by  the  Czochralski 
technique  from  both  platinum  and  iridium  crucibles.  In  the  case  of  the 
iridium  crucibles,  argon  pressure  had  to  be  used  to  prevent  excessive  loss 
of  iridium,  and  as-grown  crystals  were  found  to  be  purple  to  coal  black  in 
color.  However,  the  color  changed  to  deep  yellow  when  the  crystals  were 
annealed  in  oxygen  over  1000° C.  Oxygen  pressure  'as  directly  employed  when 
crystals  were  pulled  from  platinum  crucibles;  crystals  thus  obtained  are  pale 
yellow  in  color.  Since  lattice  mismatch  between  SKN  and  Sr.^Ba.^Nb^Og  (SBN) 
bronze  composition  is  minimal,  SBN  single  crystals  were  used  as  seed  material 
in  the  present  crystal  growth  work.  This  proved  to  be  very  successful  and 
SKN  single  crystals  as  large  as  5-8  mm  in  diameter  and  10-20  mm  long  have 
been  grown.  Optimum  conditions  used  are  as  follows: 


Pulling  Rate: 
Rotation  Rate: 
Growth  Direction: 
Growth  Temperation: 


5-8  mm/hr 
15-25  rpm 
Along  the  c-axis 
1475°C 


The  crystals  were  also  pulled  along  other  directions,  e.g.  (100) 
and  (110),  and  under  different  experimental  conditions.  However,  it  was 
found  difficult  to  grow  crystals  along  these  directions.  This  clearly  sug¬ 
gested  that  the  rate  of  crystallization  along  the  c-axis  is  much  faster  than 
those  along  any  other  directions.  Fig.  1  shows  a  typical  5-8  mm  in  diameter 
and  20  mm  long  SKN  crystal  grown  along  the  c-axis.  The  growth  of  SKN  single 
crystals  have  also  been  reported  by  Giess  et  al  (1)  and  Ainger,  et  al  (8); 
however,  the  size  and  quality  of  crystals  obtained  is  not  clear  from  their 
work.  Based  on  our  ongoing  research  work  on  other  tungsten  bronze  crystals 

having  compositions,  Sri_xBaxNb2®6’  x  =  0,6  and  (9,10)  and  K3Li2Nb5°15 
(11),  there  is  a  great  deal  of  similarity  among  these  crystals  and  it  has 
been  found  that  the  growth  of  these  crystals  deoends  strongly  on  the  ability 
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to  control  the  diameter  of  crystal  and  the  thermal  gradient  in  the 
crystal  near  the  solid-liquid  interface.  This  is  a  difficult  task,  but 
it  has  been  successfully  accomplished  for  the  present  crystals. 


LOW  FREQUENCY  DIELECTRIC  CHARACTERISTICS 


Optically  the  SKN  single  crystals  appear  to  be  of  excellent 
quality,  and  they  are  clear  and  transparent.  Crystals  grown  along  the 
c-axis  are  usually  faceted,  which  is  quite  exceptional  for  the  Czochralski 
grown  crystals.  X-ray  diffraction  studies  show  that  the  crystal  habits  are 
based  on  24  facets  of  four  prism: (110),  (120),  (100),  and  (130).  In  present 
case,  the  SKN  crystals  showed  several  of  such  facets,  but  all  of  them  are 
not  as  well-defined  as  reported  for  the  tungsten  bronze  Sr^  xBaxNb2°6’ 
x=  0.6  and  0.5  solid  solution  single  crystals  (9,  10).  The  results  of  this 
study  indicate  that  the  appearance  of  these  facets  depends  strongly  on  the 
growth  conditions  and  they  change  markedly  or  disappear  by  varying  the 
growth  temperature.  The  lattice  constants  measurement  for  the  ceramic  and 
single  crystal  samples  of  75  mole%  (75%  SrNbpOg  +  25%  KNbO^)  composition 
gave  the  values  of  a  =  12.458  A  and  c=  3.944  A,  which  are  in  close  agree¬ 
ment  with  the  values  a=  12.470  A  and  c=  3.942  A  reported  by  Giess,  et  al 

(7)  for  77  mole%  composition.  The  density  of  the  single  crystal  is  4.976 
3 

gm/cm  ,  which  corresponds  to  two  molecules  of  S^KNbgO^  per  unit  cell. 

Low  frequency  dielectric  measurements  were  initiated  on  the  SKN 
single  crystals  and  the  results  obtained  are  very  interesting.  The  temp¬ 
erature  dependences  of  the  capacitance  were  measured  over  the  temperature 
range  -50°  to  200° C  at  three  different  frequencies,  i.e.  i,  10,  100  KHz.  As 
shown  in  Fig.  2,  at  room  temperature  the  dielectric  constant  K,,  is  2  x  102 

4 

and  peaks  above  10  at  the  curie  temperature.  The  dielectric  constant  at  the 
curie  temperature  on  our  current  crystal  exceeds  over  20,000,  which  is  sub¬ 
stantially  higher  than  the  dielectric  constant  reported  by  Giess,  et  al  (1) 
for  their  SKN  single  crystal.  Above  the  transition  temperature  a  curie  weiss 
law  <23  *  C/(T-Tc),  is  found  to  hold  for  the  crystals  measured  with  C  in  the 
range  2-4  x  102°C.  Fig.  3  shows  the  temperature  dependence  of  the  dielectric 
loss  for  SKN  crystal  at  three  frequencies:  1,  10,  100  KHz. 
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The  electromechanical  coupling  constants  for  SKH  single  crystals 
were  also  established  by  the  resonance-antiresonance  technique.  Prior  to 
measurements,  the  crystals  were  poled  by  the  field-cooling  method  under  a 
dc-field  of  approximately  6  KV/cm  along  the  c-axis.  The  coupling  constants 
k33  and  k31  were  determined  as  0.52  and  0.19,  respectively.  Table  1  sum¬ 
marizes  the  ferroelectric  properties  for  various  tungsten  bronze  crystals. 

It  is  clear  from  this  data  that  the  coupling  constants  for  the  SKN  crystal 
are  slightly  higher  than  for  the  Sr . gBa ^NbgOg  crystal  and  are  similar  to 
those  for  another  important  bronze  composition,  K-jL^NbgOjr.  In  general, 
the  SKN  single  crystal  possesses  excellent  dielectric,  electromechani cal 
coupling  constants  and  other  physical  properties  and  should  prove  to  be  an 
interesting  candidate  for  several  device  applications. 

HIGH  FREQUENCY  CHARACTERIZATION 

Room-temperature  reflection  aid  transmission  measurements  have  been 
carried  out  between  90  and  100  GHz  on  four  small  single-crystal  samoles  cut 
from  a  single  boule  of  SKN  and  oriented  to  allow  determination  of  the  com¬ 
plex  dielectric  permittivities  parallel  and  perpendicular  to  the  crystal 
polar  axis.  These  measurements  were  made  in  waveguide  with  the  sanole 
filling  the  guide  cross-section. 

The  dielectric  permittivities  derived  from  these  data  show  a 
large  dispersion,  with  K33  having  fallen  to  one  quarter  of  its  low-frequency 
value,  while  k'^  in  this  range  of  frequencies  is  about  twice  k'33.  The 
frequency  dependence  of  these  parameters  is  summarized  in  Figure  9.  along 
with  the  dielectric  loss  k"^  and  k"33  (upper  and  lower  sections  of  the 
figure,  respectively). 

The  large  decrease  observed  in  K  33  from  its  low-frequency  value 
strongly  suggests  that  the  bulk  of  the  polar  axis  permittivity  is  not  con- 
tributed  by  the  soft  mode,  which  is  thought  to  lie  above  10  Hz  in  this 
temperature  range.  Rather,  mechanisms  must  be  sought  having  characteristic 
relaxation  at  GHz  frequencies,  such  as  piezoelectric  resonance  in  micro- 
domains  of  submicron  dimension.  Point  defects,  or  perhaps  dislocations 
induced  by  compositional  gradients  in  the  crystal,  may  act  to  stabilize 
such  domains  against  poling.  The  relatively  high  observed  loss  (tan  533 
^0.25,  tan  5^  ^  0.13) and  the  variation  in  permittivity  between  samples 
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from  the  same  boule  are  also  consistent  with  an  extrinsic  GHz  relaxation 
mechanism. 

Recently  we  have  observed  similar  behavior  in  strontium  barium 
niobate  single  crystals  between  30  and  40  GHz,  measured  as  part  of  an 
ongoing  DARPA  program  to  develop  millimeter  wave  phase  shifting  materials. 
In  one  such  sample,  the  polar  axis  permittivity  was  approximately  35  over 
the  whole  frequency  range  from  30  to  40  GHz,  compared  to  a  low-frequency 
permittivity  of  900.  This  suggests  that  the  phenomenon  we  are  observing 
may  be  generally  responsible  for  the  high  dc  permittivities  in  the  tungsten 
bronze  family. 
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PHYSICAL  PROPERTIES  OF  VARIOUS  T.  B.  CRYSTALS 


TABLE  1 


Prcrerty 

SKN 

S5N : 60 

KLN 

Unit  Cell 

Tetragonal 

Tetragonal 

Tetragonal 

Space  Group 

4mm 

4mm 

4mm 

Uni  cell 

a=12.47A 

a=12.468A 

a=12.59A 

----- 

- 

-  -  -  - 

-  -  -  - 

Facets 

Several ,  less 

Well  defined 

Well  defined 

defined 

24 

4 

»  —  —  .  — 

—  —  •  — 

Curie  Temperature  °C 

150°  C 

72°  C 

405°  C 

E33  at  25° C 

200 

880 

150 

£33  Tc 

>  20,000 

>  40 ,000 

-1000 

----- 

-  -  -  -  - 

- 

- 

Electromechanical 

k,,=0.52 

&>.»• 

k,.,=0.47 

k,3=0. 54  ! 

k3r0-18  ; 

Coupling  Constant 

k15=  " 

k15=0.13 

k15  0.35 

----- 

- 

- 

- 

Piezoelectric  Strain 

Constant 

d33=  - 

d33=  30 

d33=57 

d31=  ' 

d31=130 

d31=-H 

d15=  ' 

d15=  31 

dis-68 

References 

Present 

12 

13,14 

SBN:60 - —Sr  gBa  4Nb20g 


KLN . K3Li2Nb5°15 
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Temperature  dependence  of  dielectric  constant  ( K33)  for  SKN  crystal. 
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Temperature  dependence  of  dielectric  loss  of  SKN  crystals  at  three  frequencies 

1,  10  and  100  KHz. 
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GROWTH  AND  APPLICATIONS  OF  FERROELECTRIC  TUNGSTEN 
BRONZE  FAMILY  CRYSTALS 

R.R.  Neurgaonkar,  W.K.  Cory  and  J.R.  Oliver 
Ferroelectrics,  Vol  51,  pp  3-8,  1983 
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GROWTH  AND  APPLICATIONS  OF  FERROELECTRIC  TUNGSTEN  BR0N2E 
FAMILY  CRYSTALS 


R.R.  Neurgaonkar,  W.K.  Cory  and  J.R.  Oliver 
Rockwell  International  Science  Center 
Thousand  Oaks,  CA  91360 


Abstract  Single  crystal  growth  of  several  ferroelectric 
tunasten  bronze  compositions  such  as  Sr i-xBaxNb2®6 
Sr2^bc0,5  (SKN),  Ba2_xSrxKj  Na  Nb5015  (BSKNN)  and 

(KLN),  has  been  studied  in  detail.  The  results 
show" that  the  smaller  unit  cell  bronzes,  e.g.,  SBN  and  SKN, 
a  cylindrical  growth  habit  with  24  well-defined  facets 
while  the  larger  unit  cell  bronzes,  e.g.,  BSKNN  and  KLN, 
grow  in  a  square  shape  with  4  well-defined  facets.  Signifi¬ 
cant  changes  in  the  dielectric  and  piezoelectric  properties 
con  be  obtained  with  changes  in  composition,  and  significant 


d^^  and 


differences  in  the  physical  properties,  e.g.,  k^, 
d^,  can  be  observed  between  the  small  and  large  unitcell 
bronzes. 


INTRODUCTION 

Single  crystal  ferroelectric  tungsten  bronzes  in  general  are 
known  for  their  excellent  electro-optic,1'2  pyroelectric3  and 
piezoelectric4  properties,  making  them  promising  candidates  for 
use  in  various  device  applications  such  as  laser  modulators, 
pyroelectric  infrared  detectors,  SAW  and  other  ferroelectric 
based  devices.  This,  plus  the  fact  that  there  are  over  150  in¬ 
dividual  end  member  bronze  compositions  with  numerous  possible 
solid  solutions,5  makes  the  tungsten  bronze  family  one  of  the 
most  extensive,  versatile  and  potentially  useful  families  of 
oxygen  octahedra  based  ferroelectrics. 

Typically,  the  bronze  ferroelectrics  which  are  of  most  prac¬ 
tical  interest  are  ones  of  complex  composition  and/or  solid 
solutions  which  are  Inherently  difficult  to  grow  in  single 
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crystal  form.  In  the  present  paper,  we  report  the  bulk  Bingle 
crystal  growth  of  various  bronze  compositions  and  their  possible 
use  in  a  number  of  ferroelectric  device  applications. 

EXPERIMENTAL  AND  DISCUSSION  OF  RESULTS 
Crystal  Growth 

The  materials  used  for  growth  were  specpure  SrCO^,  BaCC^,  PbO, 
K2CO3,  L^COj,  Na2CC>3  and  Table  I  summarizes  the  compo¬ 

sitions  of  the  individual  crystals  and  their  growth  conditions. 
The  starting  materials  were  weighed  out  according  to  the  stoich¬ 
iometry  and  then  ball-milled  in  acetone  for  10-15  hrs.  The  re¬ 
sulting  slurry  was  air  dried  and  then  fired  in  a  platinum  dish 
at  1000o-1300°  for  24  hrs.  The  furnace  was  R.F.  induction 
heated  and  the  crystals  were  grown  b"  the  Czochralski  technique. 
The  crystal  growth  procedure  for  the  bronze  crystals  has  been 
discussed  in  our  earlier  paper.6 

TABLE  I  Czochralski  growth  data  for  tetragonal  tungsten 
bronze  compositions. 


Composition 

Growth 

Temperature 

Co 

Growth 

Direction 

Grow*  h 
Habit 

Crystal 

Diameter 

l  Ctt 

Remarks 

St0.b®*0.4Wb2°6 

1510 

O'?.) 

Cylindrical 

- 

Crack-free  and 
exf'-llent  quality 

Sr0.5®*0.5Kb2°b* 

1500 

(001) 

Cylindrical 

-  1.8  to  2.0 

Moderate  quality 

••jV'/lWVlS 

1460 

(001) 

Square 

-  0.8  to  t.O 

Crack- free  and  good 
quality 

Sr2KNb50jS« 

1460 

(002) 

Cylindrical 

-  0.5  to  0.8 

Moderate  quality 

1050 

(001) 

Square 

0.3  to  0.5 

Cracka 

(100) 

Square 

0.5  to  0.6 

Crack-free . 
raaaonable  quality 

(110) 

Square 

0.5  to  0.8 

Crack-free, 
raaaonable  quality 

1000-125? 

(001) 

(110) 

Square 

0.5  to  1.0 

Raaaonable  quality 
with  excellent 
proper tie a 

nc,  n,,o.?cHbi.*»7°«'** 

-  1150 

(001) 

0.8  to  1.0 

Few  cracka .  but 
excellent  properties 

•Non-congruent  n 1 t 1 nj  composition 
••Difficult  to  grow 

•••Crown  at  Fenn  Stats,  difficult  to  grow. 


u 

\14 


4 

V 


,  a 

J. 

r 


I 


.1 

I 
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Since  all  of  the  compositions  selected  in  this  investigation 
are  typically  solution  systems,  single  crystal  growth  by  the 
Czochralski  technique  was  found  to  be  difficult,  particularly 
for  K+-  andNa+  containing  bronze  compositions.  The  growth 
problems  can  be  briefly  summarized  as  follows: 

e  Solid  solution  systems:  difficult  to  determine  the 
true  congruent  melting  composition,  hence  optical 
striation  problems. 

•  Container  and  contamination,  specifically  when  an 
iridium  crucible  is  used. 

•  Cracking  of  crystals  when  cycling  through  the 
paraelectric/ferroelectric  phase  transition 
temperature. 

Single  crystal  growth  of  the  bronze  compositions  SBN:60  and 
SBN:50  is  relatively  easier  as  compared  to  the  other  bronze  com¬ 
positions  in  this  study,  with  crystals  as  large  as  2  to  3  cm  in 
diameter  being  successfully  grown.  Although  SBN:60  is  the  only 
congruent  melting  composition  in  the  Srl^O^-Bal^O^  system, 
initially  coring  was  a  severe  problem  in  this  crystal,  as  well 
as  in  the  other  bronze  crystals.  This  problem  has  been  substan¬ 
tially  minimized  by  maintaining  better  temperature  stability  and 
withdrawing  the  crystals  at  a  composition  as  close  to  the  con¬ 
gruent  melt  as  possible.  The  growth  of  K+-  and  Na+-containing 
solid  solution  crystals  was  found  to  be  difficult  due  to  a  lack 
of  information  on  the  true  congruent  melting  compositions,  and 
it  was  also  found  difficult  to  properly  control  the  thermal 
gradients  near  the  solid-liquid  interface  during  growth.  In 
spite  of  these  difficulties,  we  have  been  successful  in  growing 
BSKNN,  SKN  and  KLN  crystals  of  approximately  1  cm  in  diameter 
and  several  centimeters  long. 
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The  cracking  problem  in  bronze  crystals,  particularly  in  the 
K+-  and  Na+-containing  bronzes,  has  been  shown  to  be  related  to 
the  c-axis  dimensional  change  as  the  crystal  is  cooled  through 
the  paraelectric/ferroelectric  phase  transition  temperature.  In 
crystals  grown  from  melts  containing  K+,  Na+  or  the 

change  in  the  lattice  dimensions  as  a  function  of  temperature  is 
not  only  much  less  pronounced  than  in  crystals  grown  from  stoi¬ 
chiometric  melts,  but  the  change  also  takes  place  at  lower  tem¬ 
peratures  as  result  of  the  depression  in  the  Curie  temperature. 
Both  these  effects  make  the  crystals  much  more  resistant  to 
thermal  shock  and  resultant  cracking. 

Ferroelectric  Properties  of  Bronze  Crystals 

Optically,  the  bronze  crystals  appear  to  be  of  excellent  quality 
and  are  clear  and  transparent.  Except  for  BSKNN ,  all  other 
crystals  are  pale  to  dark  yellow  in  color,  depending  on  the 
crystal  diameter.  Most  of  the  BSKNN  crystals  are  colorless. 
Crystals  grown  along  the  c-axis  are  usually  well  faceted,  which 
is  quite  exceptional  for  Czochralski-grown  crystals.  The 
smaller  unit  cell  bronzes,  e.g.,  SBN  and  SKN,  are  cylindrical  in 
shape  and  exhibit  24  well-defined  facets,7  while  the  larger  unit 
cell  bronzes  are  square  in  shape  and  show  4  well-defined  fac¬ 
ets.8  Figure  1  shows  the  idealized  forms  for  these  crystals. 
This  is  a  unique  advantage  for  this  family,  since  it  can  signi¬ 
ficantly  ease  the  task  of  crystal  orientation. 

Because  of  the  large  number  of  parameters  needed  to  fully 
characterize  the  system  (4  mm),  which  includes  six  elastic, 
three  piezoelectric  and  two  dielectric  constants,  several 
specimens  with  various  shapes  and  orientations  (001,  100,  110, 
etc.)  have  been  used.  Prior  to  measurement,  the  crystals  were 
poled  by  field-cooling  with  a  dc  field  of  5-6  KV/cm  along  the 
(001)  direction.  Table  II  summarizes  the  measured  ferroelectric 
properties  of  the  various  bronze  crystals  grown  in  this  study. 
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BIGGER  UNIT  CELL  T.B.  CRYSTALS  SMALLER  UNIT  CELL  T.  B.  CRYSTALS 

FIGURE  1  Idealized  forms  of  tungsten  bronze  crystals. 


TABLE  II 


Physical  properties  of  bronze  crystals  at  room 
temperature. 


Property 

S8S : 60 

SB-;:  3  i 

BSKS*. 

SKN 

KL‘- 

Lattice  Constants 

s 

-  12. *6:*- 

s 

•  12. *80? 

a 

•  12.506? 

«  •  12.*70 

a 

-  12.590? 

c 

■  3.938® 

c 

-  3.952.’. 

c 

•  3.9R21 

c  -  3.9*2? 

c 

-  4  .  ■  1 5‘ 

Curie  Temperature  l*C) 

7  2  *  C 

1 25*C 

203"  r 

1 5  ‘. '  C 

.05'C 

Dielectric  Constant 

'33 

-  88' 

1  33 

-  500 

r  33 

-  42' 

'31  *  120 

■33 

.  i:; 

electromechanical  Coupling 

k33 

-  0.47 

k33 

-  0, *8 

k33 

-  0. *7 

kj3  -  C.4- 

k33 

-  0.52 

Coefficients 

k3l 

-  0.1* 

k31 

-  0,  137 

k3l 

- - 

k3|  " 

k3 1 

-  0.— 

kl5 

-  0.2* 

k15 

- - 

kl5 

-  0.28 

kl5-  °-2‘ 

kl  5 

-  0.  3b 

Piezoelectric  Constants 

<*33 

•  130 

<>33 

•  100 

d33 

-  60 

- 

“33 

-  57 

(X  l"12  C/K) 

<*15 

-  31 

•  2* 

*13 

-  80 

- 

d  15 

•  68 

Electro-Optic  Coefficient 

*20 

.  IO-‘2 

180 

.  10”12 

3b  0 

■  icf12 

HO  >  10"12 

60 

I0"12 

(M'V) 

All  crystals  exhibit  room  temperature  tetragonal  bronze  structure  (4  «), 


These  data  clearly  indicate  that  the  room  temperature  dielec¬ 
tric,  piezoelectric  and  electromechanical  coupling  constants  of 
these  crystals  are  excellent,  making  them  of  great  interest  for 
a  variety  of  ferroelectric  devices. 
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The  intetesting  feature  of  these  measurements  is  that  the 
piezoelectric  strain  coefficients  d 33  and  d^  are  significantly 
different  between  the  smaller  and  larger  unit  cell  bronzes.  For 
example,  d^-j  is  relatively  large  for  the  smaller  unit  cell  crys¬ 
tals  while  djj  is  large  for  the  bigger  unit  cell  crystals.  Fur¬ 
ther  investigation  is  in  progress  to  establish  the  major  differ¬ 
ences  in  the  physical  properties  between  small  and  large  unit 
cell  bronzes.  Once  such  data  is  established,  the  selection  of 
bronze  crystals  for  a  given  device  application  will  be  signi¬ 
ficantly  easier. 
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Abstract  Ferroelectric  tetragonal  tungsten  bronze  (T.B. ) 
family  single  crystals,  e.g.,  SBN,  BSKNN,  KLN,  SKN  and  PBN, 
have  been  grown  and  their  ferroelectric  properties  have  been 
investigated.  The  results  show  that  the  dielectric,  piezo¬ 
electric,  and  electromechanical  coupling  coefficients  are 
significantly  large  for  these  crystals;  however,  they  are 
markedly  different  when  going  from  smaller  to  bigger  unit  cell 
T.B.  crystals.  For  example,  e33  and  d33  are  substantially 
larger  for  the  smaller  unit  cell  T.B.  crystals,  e.g.,  SBN  and 
SKN,  while  ell  and  dis  are  dominant  for  bigger  unit  cell 
bronzes.  However,  these  differences  do  not  have  such  a  sig¬ 
nificant  effect  on  the  respective  electro-optic  and  pyroelec¬ 
tric  properties. 


INTRODUCTION 

Tungsten  bronze  (T.B.)  family  crystals  exhibit  interesting  electro- 
optic,  nonlinear-optic  and  pyroelectric  properties  and  these  at¬ 
tractive  features  make  them  potentially  Important  for  applications 
In  optoelectronics.  However,  up  to  the  present  time  these  applica¬ 
tions  have  been  limited  by  the  difficulty  of  growing  large  single 
crystals  having  good  optical  homogeneity.  Recently,  Neurgaonkar  et 
al1-1*  and  Shrout  et  al5  studied  the  problems  associated  with  the 
Czochralski  crystal  growth  technique  and  successfully  developed  the 
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technique  for  various  T.B.  crystals,  e.g.,  sri_xBaxN^>2®6  (SBN), 

Ba2-xSrxKl-yNayNb5°15  <BSKNN>.  K3Li2Nb5°15  (KLN>»  Sr2KNb5015  (SKN) 
and  Pbi_x®axNb20^  (PBN).  This  now  makes  it  possible  to  study  the 
ferroelectric,  electro-optic  and  other  properties  of  these  composi¬ 
tions  for  various  potential  device  applications.  The  present  paper 
reports  on  the  compositional  and  temperature  dependence  of  the 
ferroelectric  properties  for  several  of  these  T.B.  crystals. 

RESULTS  AND  DISCUSSION 
Materials  Preparation 

All  tetragonal  tungsten  bronze  crystals  studied  in  the  present  work 
were  grown  by  the  Czochralski  technique  established  at  Rockwell 
International.  The  problems  associated  with  this  technique  and 
their  important  features  have  been  described  in  earlier  publica¬ 
tions.1”5  The  bronze  crystals  grown  along  the  c-axis  are  usually 
faceted,  which  is  quite  exceptional  for  Czochralski-grown  crystals. 
The  interesting  feature  in  this  family  is  that  the  smaller  unit 
cell  crystals,  e.g.,  SBN  and  SKN,  grow  in  a  cylindrical  shape  with 
24  well-defined  facets,  while  the  bigger  unit  cell  bronze  crystals 
such  as  BSKNN,  KLN  and  PBN  grow  in  a  square  shape  with  4  well- 
defined  facets.3 

Sample  Preparation 

Because  of  the  large  number  of  parameters  needed  to  fully  char¬ 
acterize  the  tetragonal  (4  mm)  bronze  crystals,  which  include  two 
dielectric,  three  piezoelectric  and  six  elastic  constants,  several 
specimens  with  various  shapes  and  orientations  were  used  in  the 
present  investigation  (Figure  1).  Prior  to  measurement,  the  crys¬ 
tals  were  poled  by  the  field-cooling  method  under  a  field  of  5- 
8  kV/cm  along  the  c-axis.  The  measurement  techniques  used  to  eval¬ 
uate  the  temperature  dependence  of  the  dielectric,  piezoelectric, 
elastic  and  other  important  coefficients  have  been  described  by 
Shrout  et  al.6 
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FIGURE  1  Shape  and  orientations  of  specimens. 

Ferroelectric  Characteristics  of  Bronze  Crystals 
Table  I  summarizes  the  results  of  measurements  including 
structural,  ferroelectric  and  electro-optic,  for  these  selected 
bronze  crystals.  The  temperature  dependence  of  the  dielectric 
constants  E33  and  and  the  dielectric  loss  (tan  6)  were 
determined  from  (001)  and  (100)  plates  at  frequencies  of  1,  10, 

100  and  1000  KHz.  The  temperature  range  covered  was  20°  to  500°C, 
depending  upon  the  Curie  temperature,  T£,  for  the  given  crystal. 
Both  £33  and  showed  marked  anomalies  at  the  transition 
point.  The  general  temperature  behavior  and  large  anisotropy  of 
€33  and  is  typical  of  all  the  bronze  crystals.  However,  the 
magnitude  of  dielectric  constant  is  markedly  different  for  each 
composition,  and  seems  to  depend  strongly  on  the  size  of  the  unit 
cell  of  the  given  bronze  crystal.  For  example,  £33  is  large  while 
Cjj  is  small  for  the  smaller  unit  cell  bronzes,  e.g.,  SBN  and 
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SKN.  On  the  other  hand,  the  situation  is  reversed  in  the  case  of 
bigger  unit  cell  bronzes  where  €33  is  smaller  while  is 
larger.  The  dielectric  properties  were  further  studied  by  cooling 
below  room  temperature,  and  it  was  found  that  in  the  case  of 
bigger  unit  cell  bronzes  the  dielectric  constant  increased 
with  decreasing  temperature,  indicating  the  presence  of  another 
ferroelectric-ferroelectric  phase  transition.  This  type  of 
behavior  has  also  been  observed  for  another  bronze  crystal, 
I^NaNbjOj 5,  by  Toledano  et  al.7  Further  work  is  in  progress  on 
BSKNN,  KLN  and  PBN  crystals  to  establish  the  existence  of  the  low 
temperature  transition.  In  general  the  dielectric  loss  for  these 
crystals  is  low,  on  the  order  of  0.03  or  less  at  room  temperature. 

TABLE  I  Ferroelectric  and  structural  properties  of  tetragonal 
bronze  crystals  at  room  temperature. 


Unit  Cell  Olsens tons 

Sr0.6B*0.4Sb2°6  Sr2RNb50l5  BSKNN*  KjLijNbjO^  pb0.24Bft0.  69Nb2°6 

a  -  12.462*  a  -  12.47C*  a  -  12  .  506*  a  •  12.590*  a  •  12.510* 

c  -  3.938*  c  •  3.942*  c  •  3.982*  c  *  4.015*  c  -  3.995* 

Curie  Temp  (*C) 

72  150  203  405  350 

Dielectric  Coastsnt, 

after  poling,  at  23*C 

c33  "  c33  “  *33  *  *33  “  *33  ■  140 

Cjj  ■  204  CU  "  c  1 1  •  380  C|j  ■  308  Cjj  -  350 

Flczoeleetrlc  Constant 

U0-'2  c/s) 

d33  "  130  ~  d33  *  60  d33  “  57  d33  ’  40 

dI5  -  31  —  di5  -  70  d15  -  68  d15  -  70 

SAW  Electromechanical 

Coullng  Constant, 

180  «  I  o'*  90  >  10"*  —  —  — 

Pyroelectric  Coefficient 
C/k.2 

850  .  lo"12  650  ■  I0"12  *40  •  10'12  —  180  .  10"12 

Electro-Optic 

Coefficient,  r33  (a/v) 

*20  «  10~12  160  »  !0"12  200  -  10‘12  60  .  10'12  — 

Electro-mechanical 

Coupling  Coefficients 

K33  •  0.47  K33  -  0,44  K33  -  0.46  KJ3  -0.52  — 

Kj 5  -  0.24  R1S  -  0.26  Kj j  -  0. 38  *15  -  0.36  — 

•ISUK  -  »i.2s6o.8*0.75"*0.25ln,50l5- 


As  summarized  in  Table  I,  the  electro-optic  (133)  and  pyro¬ 
electric  (P33)  coefficients  are  large  and  appear  to  be  less  af- 
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fected  when  going  from  smaller  to  bigger  unit  cell  T. B.  crystals. 
These  results  are  interesting,  and  further  work  is  in  progress  to 
examine  the  correlation  of  these  characteristics  with  the  piezo¬ 
electric  and  dielectric  properties.  At  the  present  time,  both  SBN 
and  BSKNN  crystals  exhibit  the  optimum  electro-optic  and  pyro¬ 
electric  properties  from  each  classification,  and  are  now  being 
studied  in  more  detail. 

o 

The  surface  acoustic  wave  (SAW)  coupling  constant  K  for 
SrQ  ^Bbq  (SBN:  60)  crystals  has  been  shown  to  be  large  for 

the  (OOl)-plane  propagating  along  the  (100)  direction;  its  value 
is  measured  to  be  180  x  10”\  which  is  comparable  to  the  best 
known  bronze  crystal,  Pb2KNb^0^5  (188  x  10  ^).  Furthermore,  both 
SBN: 60  and  Pb2KNb^0^  crystals  show  temperature  compensated  cuts, 
and  this  opens  up  exciting  opportunities  for  the  use  of  these 
crystals  in  SAW  device  applications. 

Table  II  summarizes  the  classification  of  T.B.  crystals  based 
on  unit  cell  dimensions,  growth  habits  and  ferroelectric 
properties.  It  is  hoped  that  this  classification  will  be  found 
useful  for  future  work  in  the  selection  of  proper  bronze  composi¬ 
tions  for  new  device  applications. 


TABLE  II  Classification  of  tungsten  bronze  family. 


TABLE  II.  Classification  of  tungsten  bronze  faaily. 


T.B.  Compositions  with  Smaller 

Unit  Cell  Dimension* 

(e.g.,  Sr j.^Ba^NbjO^, 

SrjNaflbjOj  5,  etc.) 

T.B.  Competitions  with  Bigger 

Unit  Cell  Dlaenslons 

(«•*.,  *»2-*Sr«Kl-y'Vb50lS- 
Pbj^BSjNbjO^*  KjLljKbjOj j,  etc.) 

•  Crystal  habit  is  cylindrical  with  24 

.  Cryetal  habit  L  .quart  with  4 

defined  facets 

defined  facets 

•  Relatively  low  Tc,  below  200*C 

e  Moderately  high  Tc,  above  200*C 

e  Relatively  high  dielectric  constant 

•  Moderately  high  dielectric  constant 

U33  high  at  rooa  temperature) 

<C}i  high  at  room  temperature) 

a  High  piezoelectric  coefficient  djj, 

.  High  piezoelectric  coefficient  d15, 

but  low  dj  3,  at  rooa  temperature 

but  low  dj3,  at  rooa  te.perature 

•  High  electro-optic  and  pyroelectric 

e  Moderately  high  electro-optic  and 

coefficients 

pyroelectric  coefficients 

a  Large  excellent  quality  crystals 

e  Moderately  large  crystele  available 

available  (2  to  3  ca  diameter) 

(1  to  1.5  cm  diameter) 
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ABSTRACT 


The  Pbi-2xKxMx+Nb2°6»  M  =  La  or  Bi ,  solid  solutions  have  been  pre¬ 
pared  by  solid  state  reaction  and  their  structural  and  ferroelectric  proper¬ 
ties  have  been  established.  Complete  crystalline  solid  solubility  exists  in 
both  systems;  in  addition,  three  structurally  related  phases,  namely,  the  fer 
roelectric  orthorhombic  and  tetragonal  tungsten  bronze  phases  and  the  para- 
electric  tetragonal  type  phase,  have  been  identified  at  room 

temperature.  The  composition  ranges  for  three  phases  are  0.0  <  x  ~  0.47, 
0.48  ~  x  ~  0.85,  0.86  ~  x  ~  1.0,  respectively.  The  ferroelectric  phase 
transition  temperature,  Tc,  decreases  with  increasing  concentration  of  K+  and 
La^+  or  Bi3+  in  the  orthorhombic  tungsten  bronze  phase.  A  few  compositions 
from  each  system  exhibit  excellent  dielectric  and  piezoelectric  characteris¬ 
tics,  indicating  that  they  could  be  future  materials  for  piezoelectric  and 
high  frequency  dielectric  studies. 
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INTRODUCTION 


Lead  metaniobate,  PbNb20g,  was  first  studied  and  reported  ferroelec¬ 
tric  by  Goodman  In  since  then,  this  material  has  been  the  subject  of 

several  Investigations.  Although  the  curie  temperature  was  much  higher  than 
that  of  any  known  ferroelectric,  the  material  did  not  find  immediate  applica¬ 
tion  because  of  the  difficulty  In  preparing  good  nonporous  ceramics  and  the 
associated  problem  of  poling  them.  By  analogy  with  previous  work  on  barium 
titanate  and  other  ferroelectric  hosts,  the  effect  of  replacing  part  of  the 
Pb^+  by  other  divalent  and  tri valent  ions'*"*’*  or  Nb5+  by  tretravalent  or  hexa- 
valent  ions  was  studied,  with  the  objective  of  improving  the  sintering  and 
general  ferroelectric  properties  of  ceramics.  It  was  reported  that  the  curie 
temperature  was  reduced,  and  although  this  would  be  a  disadvantage,  this  made 
It  possible  to  pole  the  material  more  effectively  and  successfully  enhance  the 
dielectric  and  piezoelectric  properties. 

Since  our  current  interest  is  in  millimeter  wave  device  applications, 

the  search  for  a  suitable  ferroelectric  material  having  strong  dielectric  and 

piezoelectric  properties  Is  constantly  being  made.  The  present  work  reports 

the  structural,  dielectric  and  piezoelectric  properties  of  the  solid  solutions 

3+ 

based  on  the  PbNb20g  phase,  i.e.,  p&i.2x*xMx  Nb20g,  wfiere  M  *  La  or  Bi. 
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EXPERIMENTAL  PROCEOURE 


PbO,  K2CO3  (Baker  Analyzed  Grade),  6(203  (Fischer  Scientific  Co.), 
La203  (American  Potash  and  Chem.  Corp.),  and  Nb205  (Atomergic  Co.)  were  used 
as  the  starting  materials.  The  ceramic  specimens  were  prepared  by  the  conven¬ 
tional  technique  of  milling,  prefiring,  crushing,  pressing  and  firing.  The 
specimens  were  prepared  in  the  form  of  disks  1.3  cm  In  diameter  and  0.3  cm 
thick.  The  final  sintering  was  for  2-3  hours,  and  the  temperature,  which  de¬ 
pended  on  composition,  was  between  1250°C-1300°C. 

Preparation  of  pure  PbNb20g  Is  complicated  by  the  existence  of  ferro¬ 
electric  and  nonferroelectric  modifications.* The  transition  between  these 
modifications  is  reversible,  although  it  is  accompanied  by  considerable  temp¬ 
erature  hystersis.  The  high  temperature  ferroelectric  form  was  prepared  by 
heating  to  1320°C  for  30  minutes  and  then  cooling  rapidly.  X-ray  powder  dif¬ 
fraction  data  was  obtained  with  a  Norelco  diffractometer  using  CuK  radiation 
and  a  graphite  monochromator  operating  at  35  kV  and  28  ma.  Measurements  were 
made  from  strip  charts  produced  by  scanning  1/4  2o/min  on  acetone  smear- 
mounted  powders.  The  measurements  are  believed  to  be  accurate  to  +0.02  20. 
Instrumental  error  was  corrected  through  the  use  of  an  internal  silicon 
standard.  Least-squares  analysis  of  the  data  for  refined  cell  constants  was 
performed  on  a  Harris  Model  1660  computer. 

The  fired  disks  were  metal  1  zed  on  the  major  surfaces  by  using  either 
platinum  paste  or  a  vacuum-deposited  layer  of  platinum.  Disks  required  to  be 
poled  were  heated  in  silicone  oil,  and  a  static  field  of  20  kV  per  cm  was 


69 

J4869A/sn 


Rockwell  International 

Science  Center 


applied  at  temperatures  as  near  as  possible  to  150°C  to  170°C,  the  field  being 
maintained  while  the  disks  were  allowed  to  cool. 


CRYSTALLINE  SOLUBILITY  AND  STRUCTURAL  TRANSITIONS 

The  work  on  KjjLagNb^g  by  Soboleva  and  Dmitrieva^  and  our  work  on 
K^BIgNbgOg  show  that  these  two  phases  crystallize  in  the  tetragonal  crystal 
symmetry,  and  are  isostructural  with  high  temperature  tetragonal  modification 
of  PbTa20g.  At  room  temperature,  the  ferroelectric  PbTa20g  phase  has  an 
orthorhombic  symmetry  and  Is  Isostructural  with  the  tungsten  bronze  PbNb20g 
phase.  This  suggests  that  all  the  systems  considered  in  this  work  are  struc¬ 
turally  related  and  should  form  a  continuous  solid  solution  in  the  pseudo¬ 
binary  systems,  PbNb^g-KgLagNb^g  and  PbNb20g-K>5Bi >5Nb20g.  The  results  of 
x-ray  diffraction  powder  work  are  In  good  agreement,  and  a  complete  solid 
solution  has  been  Identified  in  both  of  the  systems.  Three  structurally  re¬ 
lated  phases,  namely,  the  orthorhombic  and  tetragonal  tungsten  bronze  type 

phases  and  the  tetragonal  K>5La>5Nb20g  have  been  established  for  the 

3+ 

Pbj_2xKxMx  Nb2°6»  M  *  I-*  or  B1,  solid  solution  system.  Figure  1  shows  x-ray 
diffraction  powder  patterns  for  the  three  phases. 

The  results  of  x-ray  measurements  at  room  temperature  show  a  homogen¬ 
eity  range  of  the  orthorhombic  tungsten  bronze  phase  to  x  *  0.47,  while  the 
tetragonal  tungsten  bronze  phase  Is  present  in  the  composition  range  0.48  < 
x  <  0.85.  At  the  other  end,  the  crystalline  solid  solubility  of  PbNb20g  in 
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the  phase  is  limited,  and  Is  estimated  to  be  In  the  composition 

range  0.86  <  x  <  1.0.  At  composition  x  =  0.47,  both  the  orthorhombic  and 
tetragonal  tungsten  bronze  phases  coexist.  This  type  of  morphotroplc  condi¬ 
tion  has  also  been  reported  on  the  PblxBaxNb206  system.3*10  The  variation  of 
lattice  parameters  as  a  function  of  composition  for  the  system  Pbi.2xKxLaNb206 
Is  shown  In  Fig.  2.  The  a  and  c  parameters  Increased  only  slightly,  while  the 

b  parameter  decreased  considerably  with  Increasing  concentration  of 
3+ 

k.jM  In  the  PbNb20g  phase.  The  decrease  In  the  b  parameter  was  sub¬ 

stantial  compared  to  the  a  parameter,  so  that  the  ratio  a/b  becomes  close  to 
unity  for  values  x  >  0.50. 


FERROELECTRIC  DATA 

The  curie  temperature,  Tc,  Is  known  to  be  one  of  the  fundamental 
characteristics  of  ferro  and  anti ferroelectrics.  This  measurement  gives  the 
origin  of  the  spontaneous  polarized  state  and  Is  considered  Important  for 
characterizing  piezoelectric  materials.  In  the  present  work,  Tc  for  the 
different  solid  solution  systems  has  been  obtained  by  measuring  the  dielectric 
properties  as  a  function  of  temperature.  The  technique  Is  relatively  simple, 
and  the  measurements  have  been  routinely  made  by  using  a  capacitance  bridge 
(HP  4270A).  The  test  specimens  (disks)  used  for  the  dielectric  measurements 
are  approximately  1.3  cm  In  diameter  and  0.3  cm  thick,  and  are  coated  on  each 
side  with  platinum  by  the  standard  vacuum  evaporation  technique. 
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A  typical  plot  of  the  dielectric  constant  vs  temperature  is  given  in 
Fig.  3  for  a  few  compositions  on  the  Pbi_2xKxl-ax!lb2(36  system.  It  can  be  seen 
that  the  dielectric  constant  decreases  and  broadens,  whereas  the  room  tempera¬ 
ture  dielectric  constant  increases  with  increasing  K+  and  La^+  or  Bi^+  up  to 
x  *  0.40.  Furthermore,  the  ferroelectric  phase  transition  temperature,  Tc,  is 
shifted  towards  a  lower  temperature  with  increasing  amounts  of  K.sl-a.5Nb206  in 
PbNb20g.  Tc  for  the  pure  PbNb20g  has  been  recorded  at  560°C,*'^  and  this  tem¬ 
perature  dropped  with  the  addition  of  K+  and  LaB+  or  BiB+  in  both  the  orthor¬ 
hombic  and  the  tetragonal  tungsten  bronze  phases.  By  using  this  peak  posi¬ 
tion,  the  transition  temperature  for  each  system  has  been  determined.  Fig¬ 
ure  4  shows  the  variation  of  Tc  as  a  function  of  composition  for  the 
Pbl-2xKxLaxNb2°6  and  Pbl-2xKxBixNb2°6  systems.  Variations  of  Tc  with  composi¬ 
tion  is  linear  in  both  systems  and  is  approximately  of  the  same  order. 

Lowering  of  Tc  has  also  been  reported  for  several  other  systems  based  on  the 
PbNb20g  solid  solutions.4,7-^ 

Table  1  summarizes  the  physical  constants  for  the  pbi_2xKxLaxNb2®6  and 
Pbl-2xKxBixNb2°6  systems.  As  can  be  seen  from  this  data,  the  dielectric  con¬ 
stant  has  Increased  significantly  with  the  addition  of  K+  and  LaB+  or  BiB+  in 
the  orthorhombic  tungsten  bronze  phase  with  the  composition  Pb.8K.ll-a.lNb2B6  and 
Pb.7*.15Bi .15Nb2B6  exhibiting  the  optimum  dielectric  constant  for  each  system. 
The  piezoelectric  strain  coefficient  (d33)  measurements  on  various  samples  were 
performed  using  the  Berl Incourt  d33  meter,  and  the  results  of  this  study  indi¬ 
cate  that  the  composition  pb.8K.ll-a.lNb206  a9flln  shows  the  optimun  d33  coeffi¬ 
cient  for  these  systems.  We  believe  these  values  may  Increase  substantially  if 
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the  poling  is  achieved  at  higher  temperature.  In  the  present  case,  the  poling 
was  accomplished  in  a  silicone  oil  bath  at  approximately  150°C,  which  is  a  very 
low  temperature  compared  to  the  respective  curie  temperatures.  It  Is  antici¬ 
pated  that  by  improving  the  poling  technique  for  these  ceramic  samples,  It  will 
be  possible  to  better  establish  the  djj  coefficient.  In  any  case,  the  present 
piezoelectric  strain  coefficient  value  obtained  for  the  Pb,8K.iLa.iNb206  sample 
is  much  higher  than  that  reported6  for  the  PbNb20g  crystal,  Indicating  that 
these  compositions  can  find  use  for  piezoelectric  transducer  and  high  frequency 
dielectric  applications. 

The  effect  of  a  variety  of  different  substituent  ions,  such  as  Ba2+, 
Sr2+,  Ca2+,  Cd2+  and  Bi3+  for  Pb  In  the  PbNb20g  phase,  has  been  studied  and 
reported  in  the  literature.3-13  Except  for  Ba2+,  all  other  ions  are  smaller 
than  Pb2+,  and  their  addition  did  not  alter  the  orthorhombic  crystal  symmetry. 
However,  in  the  case  of  the  pbi_xBaxNb2°6  so1id  solution  system,3*10  the  sub¬ 
stitution  of  Ba2+  (1.50A)  for  Pb2+  (1.32A)  first  decreases  the  orthorhombic 
distortion,  and  then  Induces  a  tetragonal  structure  with  the  polar  axis  along 
the  c  rather  than  along  the  b  axis.  Further,  the  Interesting  feature  In  this 
system  Is  that  Tc  first  decreases  In  the  orthorhombic  tungsten  bronze  phase  and 
then  increases  In  the  tetragonal  tungsten  bronze  phase.  This  Is  the  unique  case 
In  the  PbNb206-based  solid  solutions;  also,  since  the  average  ionic  size  of  K+ 

plus  la3+  (1.355A)  and  K+  plus  B13+  (1.34A)  Is  bigger  than  Pb2+,  and  since  both 
34- 

systems,  phj_2xKxMx  Nb20g,  M  «  La  or  B1,  and  Pb^.xBaxNb20g,  are  structurally 
similar.  It  was  expected  that  the  addition  of  K+  with  La3+  or  B13+  would  produce 
similar  results,  l.e.,  first  a  decrease  and  then  an  Increase  in  the  Tc.  The 
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results  of  this  investigation  (Fig.  4)  indicate  that  a  continuously  decreasing 
curie  temperature  occurs  with  increasing  amounts  of  K+  plus  La^+  or  K+  plus  Bi^+ 
In  both  the  orthorhombic  and  tetragonal  tungsten  bronze  phases,  indicating  that 
Tc  is  not  only  controlled  by  the  size  of  substituent  Ions,  but  its  location  In 
the  structure  is  equally  important.  Since  the  coordination  of  Pb^+  is  15-  and 
12-fold  in  the  tungsten  bronze  structure,  there  exists  three  possibilities  for 
each  ion  in  this  structure,  namely  in  the  15  or  12,  or  in  both  the  sites. 

Neither  the  work  reported  in  the  1  iterature^  nor  the  results  of  this  investi¬ 
gation  are  sufficient  to  establish  the  site  preference  or  their  distribution 
over  the  two  crystallographic  sites.  Further  work  in  this  direction  is  of  sig¬ 
nificant  Interest  in  the  present  study  in  order  to  establish  the  site  preference 
for  different  Ions  and  their  Influence  over  the  Tc  behavior  and  the  ferroelec¬ 
tric  properties. 


CONCLUSIONS 


Structural  data  Indicate  that  a  complete  solid  solution  exists  in  the 
system  PbNb20g-K#gM3+Nb20g,  where  M  =  La  or  B1 ,  and  three  structurally  related 
phases  have  been  reported  for  these  solid  solution  systems.  The  addition  of  K 
and  La^+  or  Bi3+  has  enhanced  the  dielectric  and  piezoelectric  properties  for 


these  systems  and,  specifically,  the  compositions  pb,9K.05La.05Nb2®6* 

Pb.8*. lLa.lNb2®6  and  Pb.7K.15La.15Nb2®6  aPPear  to  be  of  Interest  for  piezoelec 
trie  transducer  and  high  frequency  dielectric  studies.  Further  investigations 
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in  these  systems  are  in  progress  using  bulk  single  crystals  of  selected  compo¬ 
sitions.  These  systems  are  in  many  ways  similar  to  Pbj^Ba^bgOg,  and  are  thus 
expected  to  provide  materials  useful  for  several  piezoelectric  device 
applications. 
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Composition 

Symmetry 

Curie  Temp 
Tc,  °C 

Dielectric 
Constant,  K 
R.T.  Tc 

Piezoelectric 
Strain,  Coeff., 
djj  c/n 

PbNb206 

Orthorhombic 

560 

100  x  10*12 

Pb.90K.05La.05Nb2°6 

Orthorhombic 

455 

280 

2610 

— 

pb.80K.10La.10Nb2°6 

Orthorhombic 

339 

720 

3390 

130  x  10'12 

pb.70K.15La.15Nb2°6 

Orthorhombic 

201 

790 

1600 

106  x  10'12 

Pb.60K.20La.20Nb2°6 

Orthorhombic 

98 

650 

830 

— 

Pb.80K.10Bi.10Nb2°6 

Orthorhombic 

342 

280 

2310 

30  x  10‘12 

Pb.70K.15Bi.15Nb2°6 

Orthorhombic 

211 

750 

2840 

35  x  10'12 

Pb.60K.?0Bi.20Nb2°6 

Orthorhombic 

105 

1390 

2380 

— 
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FIGURE  CAPTION 


X-ray  diffraction  powder  patterns 
solution,  where  m  =  La  or  8i . 
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for  pbi_2xKxLaxNb2°6  so1id 


Variation  of  lattice  parameters  for  the  pbi_2xKxLaxNb2^6  so^d 
solution. 


Dielectric  constant  vs  temperature  of  ppi_2xKxLaxNb2®6* 

Variation  of  ferroelectric  transition  temperature  for  the 
Pbl-2xKxMx  Nb2°6  5ystem>  M  =  La  or  Bi . 
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UNIT  CELL  Aao  AND  B^o  UNIT  CELL  C 
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